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1.  INTRODUCTION 
 
 The Bowen ratio partitions the total turbulent 
surface heat flux into contributions from sensible 
heat (Hs) and latent heat (HL): 
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As a result, the Bowen ratio occurs repeatedly 
throughout micrometeorology (e.g., Panofsky and 
Dutton 1984, p. 92f., 132, 186; Garratt 1992, p. 36, 
130f.; Lewis 1995). 
 A common use for the Bowen ratio is in the 
Bowen ratio and energy budget method (e.g., 
Fleagle and Businger 1980, p. 290f.; Brutsaert 
1982, p. 210; Arya 1988, p. 191; Stull 1988, p. 
274).  We represent the surface energy budget as 
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Here, QS and QL are shortwave and longwave 
radiative fluxes at the surface; a down-arrow 
represents incoming radiation; and an up-arrow, 
outgoing radiation.  G is the conductive flux up to 
the surface from below.  In (1.2), the radiative 
terms are all taken as positive; Hs and HL are 
positive when the flux is from surface to air.  
Hence, positive terms in (1.2) warm the surface; 
negative terms cool it. 
 If we represent the sum of the radiative terms 
as Rnet, the net radiation, (1.1) and (1.2) let us 
partition the available energy (Rnet + G) into 
sensible and latent heat fluxes: 
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That is, this method provides the turbulent fluxes 
without turbulence measurements. 
 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), and Andreas (1988) showed how 
electromagnetic propagation in the surface layer is 
sensitive to the Bowen ratio. 
 In bulk flux algorithms, the turbulent surface 
heat fluxes are usually parameterized as (e.g., 
Fairall et al. 1996; Andreas et al. 2008, 2010a, 
2010b) 
 

  ( )= −s p Hr r s rH c C Sρ Θ Θ , (1.4a) 

 

  ( )= −L v Er r s rH L C S Q Qρ . (1.4b) 

 

Here, ρ 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; Θr and Qr, the 
potential temperature and specific humidity at r; 
and CHr and CEr, the transfer coefficients for 
sensible heat and latent heat, respectively, 
appropriate for height r. 

 Finally in (1.4), Θs and Qs are the potential 
temperature and specific humidity at the surface.  
In this work, we exclusively discuss so-called 
saturated surfaces.  For these, Qs is computed as 

the saturation specific humidity at temperature Θs.  
Typical saturated surfaces include the open 
ocean, sea ice, large lakes, extensive snow fields, 
and large glaciers. 
 From (1.4) and (1.1), we can also represent 
the Bowen ratio as 
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Thus, if we know the gradients Θs – Θr and Qs – Qr 
and have measured either Hs or HL, 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, the Bowen ratio is 
tightly constrained.  Philip (1987) theoretically 
established the 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—that is, 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 the open 
ocean, over sea ice, over a large lake, and over 
snow-covered ground.  Andreas and Jordan 
(2011) continued this type of analysis but used two 
large datasets collected over sea ice. 
 Here, to the Andreas and Jordan (2011) 
datasets, we add a comparably sized dataset 
comprising 13 distinct sets collected over various 
open ocean regions.  In our combined dataset, 
surface temperatures range from –44° to 32°C and 
largely dictate the value of the Bowen ratio.  For 
well over 90% of the time in all the individual 
datasets, the measured sensible and latent heat 
fluxes collect into one of three regimes:  Hs > 0 
and HL > 0; Hs < 0 and HL < 0; and Hs < 0 and 
HL > 0. 
 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, *Bo ~ Bo .  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, Bo ≤ Bo
*
; when Hs < 0 and HL < 0, 

Bo ≥ Bo
*
; and when Hs < 0 and HL > 0, Bo ≈ –Bo

*
. 

 
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): 
 

  ( )s pH c K z / zθρ Θ= − ∂ ∂  , (2.1a) 

 

  ( )L v qH L K z Q / zρ= − ∂ ∂  , (2.1b) 

 
where z is the height.  There is no compelling 

evidence that Kθ and Kq are different (e.g., 
Högström 1996); consequently, Eqs. (2.1) reduce 
to  
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 Because 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, 
s

Q /
Θ

Θ∂ ∂  is the relation 

for the saturation specific humidity.  Hence, 
following Philip (1987), we define 
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Andreas and Cash (1996) give the equations that 
we use for calculating this quantity.  Because the 
saturation vapor pressure used in calculating 

satQ / Θ∂ ∂  depends weakly on surface salinity and 

barometric pressure, Bo
*
 does, too. 

 Figure 1 shows that Bo
*
 is a strong function of 

temperature because the saturation vapor 
pressure is an 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.  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

*
. 

 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 
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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 uses 

the saturation vapor pressure over ice and the 

latent heat of sublimation for Lv for temperatures 

less than 0°C but the saturation over water and 

the latent heat of vaporization for temperatures 

above 0°C. 
 
 
Consequently, in this case, from (2.2)–(2.4), 
 

  *Bo Bo≤  . (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 

sat s
Q /

Θ
Θ∂ ∂ .  For Hs > 0 and HL > 0, the air 

temperature and specific humidity must be in the 
sector indicated by the shading.  Thus, 

sat s
Q / Q /

Θ
Θ Θ∂ ∂ ≥ ∂ ∂  and Bo ≤ Bo

*
. 

 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.  
Some combinations are forbidden under the 
assumption of a saturated surface but no super-
saturation 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 Hs > 0, 
HL > 0 case, Andreas (1989) showed that the 
Hs < 0, HL < 0 case (panel i) also is constrained by 

Bo
*
.  But now the constraint (2.4) becomes 
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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),  
 

  *Bo Bo≈ −  . (2.8) 

 
 
 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. 
 Andreas and Cash (1996) also 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 much larger datasets 
collected over both sea ice and the open ocean. 
 
3.  DATA 
 
 Table 1 summarizes the datasets 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 datasets 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 additional information on the datasets.  In 
addition, Mahrt et al. (2012) and Andreas et al. 
(2012) recently analyzed other aspects of the 
open ocean sets. 
 The “Number of Observations” column in 
Table 1 shows the number of individual 
measurements that each dataset contributed to 
our analysis.  A useful set of observations had to 
provide three pieces of information:  

measurements of Θs, Hs, and HL.  A key feature of 
each dataset in Table 1 is that both Hs and HL 
were obtained from eddy-covariance 
measurements. 
 For the open ocean sets, usually much more 
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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 sat s
Q /

Θ
Θ∂ ∂  and is used in defining Bo

*
, (2.3).  The shaded 

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 humidity is not above saturation. 
 
 
data than listed in Table 1 were available; but we 
screened these data to focus on the best 
measurements for our analysis.  First, 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.  Therefore, for our analysis of the 
Bowen ratio, we used the same criteria that 
Andreas et al. developed:  We retained only the 
data collected in unstable and weakly stable 

conditions, acz / L .−∞ < ≤ 0 1, where zac is the 

aircraft flight level and L is the measured Obukhov 

length. 
 Second, in high winds over the ocean, heat 
transfer from sea spray droplets augments the 
interfacial heat fluxes that are parameterized as 
(1.4) (Andreas and DeCosmo 2002; Andreas et al. 
2008; Andreas 2010).  In effect, this spray-
mediated heat transfer can cause a 
countergradient flux (Andreas 2011) that thereby 
confuses the definition of the Bowen ratio given by 
(1.5).  Spray effects, however, appear to be 
negligible when the 10-m, neutral-stability wind 
speed, UN10, is less than about 13 m s

–1
 (e.g., 
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Table 1.  The datasets used in this study.  The “Number of Observations” is the number of cases left after 
the screening described in the text.  The first two sets are the sea ice sites; the remaining datasets were 
collected over the open ocean.  The “Reference” provides additional details on a dataset.  Mahrt et al. 
(2012) and Andreas et al. (2012) also provide more information on the open ocean sets. 

Dataset 
Number of 

Observations 
Platform/Location Reference 

Ice Station Weddell 1031 Tower on sea ice, 
western Weddell Sea 

Andreas et al. (2004, 2005) 

SHEBA 2859 Tower on sea ice, 
Beaufort Gyre, Arctic Ocean 

Persson et al. (2002), 
Andreas et al. (2010a, 2010b) 

FASTEX 136 R/V Knorr, 
transect across the North 
Atlantic 

Persson et al. (2005) 

GFDex 11 FAAM BAE 146 aircraft, 
Irminger Sea and Denmark 
Strait 

Petersen and Renfrew (2009) 

HEXOS 109 Meetpost Noordwijk platform, 
North Sea 

DeCosmo (1991) 

CARMA4 455 CIRPAS Twin Otter, 
off coast of southern 
California 

 

CBLAST-weak 592 Long-EZ aircraft, 
Martha’s Vineyard, MA 

Edson et al. (2007) 

GOTEX 312 NCAR C-130, 
Gulf of Tehuantepec 

Romero and Melville (2010) 

MABLEB 24 CIRPAS Twin Otter, 
off Monterey, CA 

 

Monterey 475 CIRPAS Twin Otter, 
off Monterey, CA 

Mahrt and Khelif (2010) 

POST 178 CIRPAS Twin Otter, 
off Monterey, CA 

 

RED 344 CIRPAS Twin Otter, 
east of Oahu, Hawaii 

Anderson et al. (2004) 

SHOWEX Nov ‘97 373 Long-EZ aircraft, 
off coast of Virginia and North 
Carolina 

Sun et al. (2001) 

SHOWEX Nov ‘99 580 Long-EZ aircraft, 
off coast of Virginia and North 
Carolina 

Sun et al. (2001) 

TOGA COARE 742 NCAR Electra, 
western equatorial Pacific 
Ocean 

Sun et al. (1996), 
Vickers and Esbensen (1998) 
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Table 2.  Dominant heat flux regimes.  The three Hs, 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. 

Dataset 
Hs > 0 
HL > 0 

(%) 

Hs < 0 
HL < 0 

(%) 

Hs < 0 
HL > 0 

(%) 

Total, these 
three cases 

(%) 

Ice Station Weddell 31.6 43.6 15.3 90.5 

SHEBA 36.4 31.0 25.8 93.2 

FASTEX 86.8 1.5 10.3 98.6 

GFDex 100.0 0.0 0.0 100.0 

HEXOS 89.9 0.0 10.1 100.0 

CARMA4 70.8 7.2 18.9 96.9 

CBLAST-weak 56.2 24.8 15.4 96.4 

GOTEX 68.0 0.0 32.0 100.0 

MABLEB 79.2 0.0 20.8 100.0 

Monterey 81.3 0.0 13.0 94.3 

POST 77.5 5.6 12.4 95.5 

RED 99.1 0.0 0.9 100.0 

SHOWEX Nov ‘97 77.5 0.0 22.5 100.0 

SHOWEX Nov ‘99 83.1 2.4 12.4 97.9 

TOGA COARE 96.1 0.0 3.2 99.3 

 
 
Andreas et al. 2008).  Hence, from the open ocean 
datasets, we retain for analysis only data for which 

UN10 ≤ 13 m s
–1

.  This screening reduced, in 
particular, the FASTEX, GFDex, and GOTEX 
datasets dramatically (by 50% or more) because 
these experiments sought high winds. 
 
4.  FLUX REGIMES 
 
 To demonstrate the conceptual utility of Fig. 
2, we sorted each dataset into flux regimes.  Table 
2 summarizes the results. 
 In each of the 15 datasets, 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. 
 Over sea ice, the Hs > 0, HL > 0 and Hs < 0, 

HL < 0 regimes are comparable, although the Ice 
Station Weddell data may bias this picture.  
SHEBA was a year-long deployment, so these 
data should not be biased by seasonal changes.  
Ice Station Weddell, however, was an autumn and 
early winter experiment when stable stratification 
(i.e., Hs < 0) was dominant. 
 Table 2 thus confirms what Fig. 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 zero. 
 
5.  Bo-Bo

*
 RELATIONS 

 
 Figures 3, 4, and 5 show Bo versus Bo

*
 for all 
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the datasets summarized in Table 1.  Between the 
sea ice and ocean datasets, we have over 4700 
observations in the Hs > 0, HL > 0 regime (Fig. 3) 
and almost 1500 observations in both the Hs < 0, 
HL < 0 (Fig. 4) and Hs < 0, HL > 0 (Fig. 5) regimes.  
The only comparable previous analysis was by 
Andreas and Cash (1996), and they had only 
about 1200 observations total. 
 Because these are log-log plots, a first option 
would be to represent the Bowen ratio as 
 

  *Bo Boβα= . (5.1) 

 
In each figure, however, the bin-averaged points 
suggest a slope that tends to parallel the 1:1 line.  

That is, *Bo Bo∝ . Hence, in each of Figs. 3 to 5, 

the solid line shows the best fit through the data 

for which β in (5.1) is one.  For the Hs > 0, HL > 0 
plot (Fig. 3), we obtain 
 

  ( ) *Bo . . Bo= ±0 38 0 02 ; (5.2) 

 
for the Hs < 0, HL < 0 plot (Fig. 4), 
 

  ( ) *Bo = . . Bo±3 14 0 28 ; (5.3) 

 
and for the Hs < 0, HL > 0 plot (Fig. 5), 
 

  ( ) *Bo . . Bo= − ±0 58 0 06 . (5.4) 

 
 Equation (5.2) has the same coefficient that 
Andreas and Cash (1996) obtained for the Hs > 0, 
HL > 0 case.  Thus, we again confirm Philip’s 

(1987) original theoretical result that Bo ≤ Bo
*
 

when Hs > 0 and HL > 0, the surface is saturated, 
but the near-surface humidity is not above its 
saturation value. 
 The coefficient in (5.3) 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 (5.3) is 
thus a more accurate result.  Our new result and 
Andreas and Cash’s confirms Andreas’s (1989) 

conclusion that Bo ≥ Bo
*
 when Hs < 0 and HL < 0. 

 Our (5.4) is similar to Andreas and Cash’s 
(1996) result for the Hs < 0, HL > 0 regime:  Our 
coefficient is –0.58; 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. 
 Because of the scatter in the data in Figs. 3–
5, a reasonable single alternative to (5.2)–(5.4) for 

FIG. 3.  Values of the Bowen ratio calculated from 
the measured values of Hs and HL in the datasets 
in Table 1 are compared with corresponding 
values of Bo

*
 computed from (2.3).  The plot is for 

cases when Hs > 0 and HL > 0.  The two colors 
distinguish between data collected over sea ice 
and over the open ocean.  The bigger black circles 
are averages in Bo

*
 bins, where there are four bins 

per decade.  The error bars are ±2 standard 
deviations in the bin populations.  There are two 
bin averages for Bo

*
 between 1 and 2:  one for the 

ocean cases, and one for the sea ice cases.  The 
black dashed line is 1:1; the solid black line is 
(5.2). 
 
 
predicting the Bowen ratio in the three dominant 
Hs and HL regimes is that 
 

  *Bo Bo≈  (5.5) 

 
in each regime. 
 
6.  DISCUSSION AND CONCLUSIONS 
 
 With roughly 8000 eddy-covariance 
observations over both sea ice and the open 
ocean where surface temperatures ranged from 

− °44  to 32°C, this is, to our knowledge, the most 
encompassing survey to date of the Bowen ratio 
over saturated surfaces. 
 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 datasets, these three 
combinations constitute over 90% of the 
observations.  In the open ocean datasets, they 
always represent at least 94% of the observations. 
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FIG. 4.  As in Fig. 3, except this shows the cases 
for which Hs < 0 and HL < 0.  The solid black line is 
(5.3). 
 
 
 Furthermore, in these three regimes, the 
average behavior of the resulting Bowen ratio 
(= Hs/HL) is constrained by the Bowen ratio 
indicator Bo

*
 [see (2.3)].  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:  *Bo Bo≈ −   Equations (5.2)–

(5.4) represent these results. 
 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 (5.2)–(5.4).  In fact, (5.2)–(5.4) can 
provide an estimate of the Bowen ratio in any of 
the many applications that require it. 
 In particular, (5.2)–(5.4) 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 
surface like the ocean, sea ice, or the Greenland 
or Antarctic ice sheets.  For example, Bentamy et 
al. (2003) demonstrated that satellite sensors can 
provide estimates of wind speed and Qs – Qr (also 
Liu 1988) over the ocean; HL follows immediately 
from (1.4b).  Hs could then easily derive from (1.1) 
and (5.2)–(5.4) because surface temperature—
and, thus, Bo

*
—is a common satellite 

measurement. 
 Moreover, satellites can provide estimates  of 

FIG. 5.  As in Fig. 3, except this shows the cases 
for which Hs < 0 and HL > 0.  The solid black line is 
(5.4). 
 
 
the radiation terms in (1.2).  Over sea ice, the 
remaining term in the surface energy budget, the 
conductive flux G, could be estimated with a 
simple heat conduction equation and satellite 
measurements of the water and sea ice surface 
temperatures.  Therefore, with an estimate of the 
Bowen ratio through Bo

*
, (1.3) provide the 

remaining turbulence terms in the surface energy 
budget. 
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