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A note on the sea surface momentum roughness length

Niels Woetmann Nielsen
Danish Meteorological Institute, Copenhagen, Denmark

1. Introduction
The momentum flux at the air-sea interface depends in a rather complex manner on
both the states of the atmosphere and the sea. Similarity theory for the stationary,
horizontally homogeneous, neutral surface layer predicts

U(z) =
u∗
k

ln
z

z0
. (1)

In (1) u∗ is the surface friction velocity, k = 0.4 is the Von Karman constant, z is
hight above sea level, and z0 is the momentum roughness length of the sea surface.
The complexity in this classical logarithmic wind profile is hidden in z0. This parame-
ter generally depends on a number of independent parameters, describing the states of
the sea surface and the atmospheric surface layer. The surface friction velocity is one
of these parameters. Application of (1) and its extensions to the stably and unsta-
bly stratified atmospheric surface layer requires a parameterization of z0. The present
note demonstrates how a dimensional analysis can be applied as a guidance for such a
parameterization.

2. Dimensional analysis
The momentum flux at the air-sea interface depends on both the state of the atmosphere
and the state of the sea. It has been argued that the effect of surface water waves
on the momentum flux can be represented by σ, the surface tension of sea water, g
, the acceleration of gravity, and cp, the phase speed at the peak of the sea surface
wave spectrum (Clayson et al., 1996). The momentum flux also depends on z0, the
momentum roughness length of the sea surface, ρw, the density of sea water and on νa,
the kinematic viscosity of air. The dependence on νw, the kinematic viscosity of sea
water, can be dropped from the list, since νa/νw is approximately constant.

The phase speed of surface waves is approximately

cf =
(

2π

λ

σ

ρw
+

λ

2π
g

)1/2

, (2)

where λ is the wave length and ρw is the density of sea water. Equation (2) has a
minimum phase speed cf∗=

√
2(σg/ρw)1/4 at wave length λ∗=(σg/ρw)1/2. A wind speed

larger than cf∗ is therefore necessary to sustain surface waves, consisting of capillary
waves (first term in (2)) and gravity waves (last term in (2)). At the phase speed
cf∗ the capillary and gravity waves have the same wave length. Equation (2) shows
that the wave length of the capillary waves decreases with increasing phase/wind speed,
while the opposite is the case for the gravity waves.
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At wind speeds sustaining surface waves at cf ≥ cf∗ it is not expected that ν makes
any significant contribution to the surface momentum flux. It is, on the other hand,
expected that both g, σ, ρw and cp contributes to the surface momentum flux. If no
other independent parameters contribute to the surface momentum flux, a dimensional
analysis yields

z0 = zl · Fl

(
u∗2

ul
2
,
cp

ul

)
, (3)

where the length scale is

zl =
(

σ

ρw · g
)1/2

=
λ∗
2π

, (4)

and the velocity scale is

ul =
(

σg

ρw

)1/4

=
√

2
2

· cf∗. (5)

Another choice of scaling parameters gives

z0 = zm · Fm

(
1

zm

σ

u∗2ρw
,
cp

u∗

)
, (6)

where zm = u∗2g−1 is a length scale replacing zl. The corresponding velocity scale
replacing ul is um = u∗. By noting that ul

2u∗−2 = zlzm
−1 (3) and (6) can be rewritten

as

z0 = zl · Fl

(
zm

zl
,

(
zm

zl

)−1/2 cp

u∗

)
(7)

and

z0 = zm · Fm

((
zm

zl

)−2

,
cp

u∗

)
, (8)

respectively.
Suppose that Fl can be written as a power series containing terms of the form

c(α, β) ·
(

zm

zl

)α

·
((

zm

zl

)−1/2 cp

u∗

)β

, (9)

where α and β are real numbers and c(α, β) is a nondimensional constant. The contri-
bution to z0 from each of these terms is

z0(α, β) = c(α, β) · zl ·
(

zm

zl

)(α− 1
2
β)( cp

u∗

)β

. (10)

The corresponding term in (8) is then

z0(α, β) = c(α, β) · zm ·
(

zm

zl

)(α− 1
2
β−1)( cp

u∗

)β

(11)

Charnock, 1955, suggested
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z0c = cc
u∗2

g
. (12)

This result is obtained from (10) (and (11)) for α = 1, β = 0 and c(1, 0) = cc i.e. by
assuming that z0 only depends on the length scale zm. It is clear from (7) to (11)
that the Charnock relation (12) is likely to be an inaccurate approximation to z0. A
generalization of the Charnock relation has been suggested by Maat et al., 1991. They
proposed

z0m = cm
u∗2

g

(
cp

u∗

)−1

(13)

with cm ≈ 0.8. They found support for this relation in the results obtained from the
HEXMAS field campaign (Katsaros et al., 1987). The result in (13) is obtained from
(10) and (11) for α = 1/2, β = −1 and c(1/2,−1) = 0.8. Note that (13) is a special
case of the more general result

∑
i

z0(1 +
1
2
βi, βi) =

∑
i

c(1 +
1
2
βi, βi) · zm

(
cp

u∗

)βi

(14)

obtained by assuming that z0 is independent of zl.
For wind speeds larger than the threshold maintaining capillary waves it is expected

that the latter act as roughness elements on the water surface and therefore make a
contribution to z0. Bourassa et al. (Clayson et al., 1996) developed the parameterization

z0b =
bσ

u∗2ρw
+ 0.48

u∗2

g

(
cp

u∗

)−1

, (15)

valid for cp > cf∗. They applied b = 0.019. The first term in (15) is obtained from (10)
(and (11)) with α = −1, β = 0 and c(−1, 0) = b. Note that this result is obtained if it is
assumed that the contribution from capillary waves to z0 is independent of the gravity
waves (i.e. independent of g and cp). The second term in (15) is the contribution from
gravity waves. It has the same form as in (13), but the constant has been reduced from
0.8 to 0.48.

2.1. The low-wind regime

Below the threshold value for wind speed sustaining capillary waves both molecular
friction and (old sea) surface gravity waves are expected to contribute to the surface
momentum flux. For these conditions the momentum flux is expected to depend on z0,
ν, g and cp. A dimensional analysis yields

z0 = zν · Fν

(
u∗2

(gν)2/3
,
cp

u∗

)
, (16)

where zν = (ν2 · g−1)1/3 is a length scale and uν = (g · ν)1/3 is a velocity scale for the
low-wind regime. If it is assumed that the contributions to z0 from molecular forces and
gravity waves are independent of each other and if (16) is written as a power series
similar to (10) and (11) it follows that the contribution to z0 from molecular friction is

3



z0(−1
2
, 0) = c(−1

2
, 0)

ν

u∗
. (17)

Note that c(−1
2 , 0) = 0.11 gives the formula for the momentum roughness length of an

aerodynamically smooth surface.
Finally, with the above assumptions it follows from (16) that the contribution from

surface gravity waves is

∑
i

z0(1, βi) =
∑

i

c(1, βi)
u∗2

g
·
(

cp

u∗

)βi

. (18)

Equation (18) must be consistent with (14), i.e. c(1, βi) = c(1 + 1
2βi, βi).

2.2. Discussion and conclusion

Based on the analysis presented above it is suggested to parameterize z0, the momentum
roughness length of the sea surface, by the formula

z0 = c1
ν

u∗
· δ1 + c2

u∗2

g

(
1 − exp(−u∗

cp
)

)
δ2 + c3

σ

u∗2ρw
· δ3, (19)

where δ1 = 1, δ2 = 0 for cp = 0 and δ2 = 1 for cp ≥ cf∗ and δ3 = 0 in the low-wind
regime and otherwise δ3 = 1. Note that the second term in (19) is consistent with
(14) and approximately equal to the second term in (15) for wave ages cp/u∗ > 5 and
c2 = 0.48.

Consider the following hypothetical scenario, consisting of phase 1, 2, 3 and 4. In
phase 1 the wind is in the low-wind regime with a calm sea, i.e. with a sea surface
without capillary and gravity waves. In this smooth surface regime z0 is given by the
first term in (19). In phase 2 the wind speed has increased to a level, where capillary
and gravity waves are sustained at the limiting phase speed cf∗. In this phase it is
expected that the capillary waves and the gravity waves contribute to z0 with the same
amount, i.e.

c2
u∗2

g

(
1 − exp(− u∗

cf∗

)
= c3

σ

u∗2ρw
(20)

or

u∗ ≈
(

c3

4 · c2

)1/5

· cf∗. (21)

With the values c2 = 0.48 and c3 = 0.019 from (15) it follows that u∗ ≈ 0.4 · cf∗.
By coincidence the constant becomes equal to k, the Von Karman constant. The wind
speed at 10 m height above mean sea level in the neutral surface layer is in phase 2 given
by

U2(10) ≈ cf∗ ln(
z

2c2k3
· g

cf∗2
) ≈ 2.4m s−1. (22)

The friction velocity in phase 2 is approximately u∗2 = 0.09 m s−1.

4



In phase 3 the wind speed increases to large values. Then, according to (19),
the contribution to z0 from the capillary waves decreases proportional to u−2∗ and the
contribution from the gravity waves of the developing sea becomes proportional to u3∗/cp.

Finally, in phase 4 the wind speed decreases to a value below U(10) = 2.4 m s−1,
while a surface gravity wave spectrum is still present (old sea). In this phase z0 is given
by

z0 = c1
ν

u∗
+ c2

u∗2

g
·
(

cp

u∗

)−1

. (23)

Note that for

u∗ <

(
c1

c2

)1/3

· uν ·
(

cp

u∗

)1/3

= 0.61uν ·
(

cp

u∗

)1/3

(24)

the contribution to z0 from molecular forces is larger than the contribution from the
waves. The last equality in (24) applies for c1 = 0.11 and c2 = 0.48. It follows from
the latter equation that for the weak-wind sea the contribution to z0 from molecular
forces is always larger than the contribution from the waves if the wave age is larger
than about 23.

For a growing wind sea Janssen et al., 1994, derived the parameterization

z0 = cn
τ

g
· (1 − τw

τ
)
−1/2

, (25)

where τ is the kinematic wind stress, τw the corresponding wave stress and cn ≈ 0.01.
This result is consistent with a dimensional analysis for the situation where the difference
between the wind and wave stres only depends on z0, τ and g, since a dimensional
analysis then gives

z0 =
τ

g
· F

(
τ − τw

τ

)
. (26)

The result in (25) is obtained for F = cn · ( τ−τw
τ

)−1/2. From (19) and (25) follows

τw

τ
= 1 − cn

2 ·
(

c2(1 − exp(−τ1/2

cp
)) + c3

gσ

τ2ρw

)−2

. (27)

For a well-developed sea (27) can be approximated by τw/τ = 1−(cn/c2)
2 ·(cp/u∗)2.

It follows from this equation that τw = 0 for cp/u∗ = 48.
In atmospheric models without wave-atmosphere interaction application of relations

such as (19) requires a parameterization of cp. Such a parameterization is non-trivial,
since it involves past history of the wind/wave field.

A simple parameterization of cp is

cp = cf∗
(

VT

V0

)2

, (28)

where V0 = 2.4 m s−1 and VT =
(
< u >2 + < v >2

)1/2 is a running time mean of the
wind at 10 m height. A sudden change in wind direction, typically associated with a
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surface front, creates a young sea superposed on the old sea and with wave propagation
in the new wind direction. This situation is not taken into account in (28) and is clearly
a limitation of this simple parameterization of cp.

References
Charnock, H. (1955). Wind stress on a water surface. Q. J. R. Meteorol. Soc., 81:639.

Clayson, C. A., Fairall, C. W., and Curry, J. A. (1996). Evaluation of turbulent fluxes at
the ocean surface using surface renewal theory. J. Geophys. Res., 101:28503–28513.

Katsaros, K. B., Smith, S. D., and Oost, W. H. (1987). HEXOS, Humidity Exchange
Over the Sea, a Program for Research on Water-Vapor and Droplet Fluxes from Sea
to Air at Moderate to High Wind Speeds. Bull. Amer. Meteorol. Soc., 68:466–476.

Komen, G. J., Cavaleri, L. Donelan, M., Hasselmann, K., and Hasselmann, S. (1994).
Dynamics and Modelling of Ocean Waves. Cambridge University Press.

Maat, N., Kraan, C., and Oost, W. A. (1991). The roughness of wind waves Boundary-
Layer Meteorol., 54:89–103.

6



DANISH METEOROLOGICAL INSTITUTE 
 

Scientific Reports 
  

           Scientific reports from the Danish Meteorological Institute cover a variety of geophysical fields, i.e. 
meteorology (including climatology), oceanography, subjects on air and sea pollution, geomagnetism, 
solar-terrestrial physics, and physics of the middle and upper atmosphere. 

 
 Reports in the series within the last five years: 
 
  
     

No. 97-1 
E. Friis Christensen og C. Skøtt: Contributions from 
the International Science Team. The Ørsted Mission - 
a pre-launch compendium 
 
No. 97-2 
Alix Rasmussen, Sissi Kiilsholm, Jens Havskov 
Sørensen, Ib Steen Mikkelsen: Analysis of tropo-
spheric ozone measurements in Greenland: Contract 
No. EV5V-CT93-0318 (DG 12 DTEE): 
DMI’s contribution to CEC Final Report Arctic Tro-
phospheric Ozone Chemistry ARCTOC 
 
No. 97-3 
Peter Thejll: A search for effects of external events on 
terrestrial atmospheric pressure: cosmic rays 
 
No. 97-4 
Peter Thejll: A search for effects of external events on 
terrestrial atmospheric pressure: sector boundary cross-
ings 
 
No. 97-5 
Knud Lassen: Twentieth century retreat of sea-ice in 
the Greenland Sea 
 
No. 98-1 
Niels Woetman Nielsen, Bjarne Amstrup, Jess U. 
Jørgensen:  HIRLAM 2.5 parallel tests at DMI: sensi-
tivity to type of schemes for turbulence, moist proc-
esses and advection 
 
No. 98-2 
Per Høeg, Georg Bergeton Larsen, Hans-Henrik 
Benzon, Stig Syndergaard, Mette Dahl Mortensen: 
The GPSOS project 
Algorithm functional design and analysis of iono-
sphere, stratosphere and troposphere observations 
 
No. 98-3 
Mette Dahl Mortensen,  Per Høeg:  Satellite atmos-
phere profiling retrieval in a nonlinear troposphere 
Previously entitled: Limitations induced by Multipath 
 
No. 98-4 
Mette Dahl Mortensen, Per Høeg:  Resolution prop-
erties in atmospheric profiling with GPS 
 

No. 98-5 
R.S. Gill and M. K. Rosengren:  Evaluation of the 
Radarsat imagery for the operational mapping of sea 
ice around Greenland in 1997 
 
No. 98-6 
R.S. Gill, H.H. Valeur, P. Nielsen and K.Q. Hansen: 
Using ERS SAR images in the operational mapping of 
sea ice in the Greenland waters: final report for ESA-
ESRIN’s: pilot projekt no. PP2.PP2.DK2 and 2nd an-
nouncement of opportunity for the exploitation of  
ERS data projekt No. AO2..DK 102 
 
No. 98-7 
Per Høeg et al.: GPS Atmosphere profiling methods 
and error assessments 
 
No. 98-8 
H. Svensmark, N. Woetmann Nielsen and A.M. 
Sempreviva: Large scale soft and hard turbulent states 
of the atmosphere 
 
No. 98-9 
Philippe Lopez, Eigil Kaas and Annette Guldberg: 
The full particle-in-cell advection scheme in spherical 
geometry 
 
No. 98-10 
H. Svensmark: Influence of cosmic rays on earth’s 
climate 
 
No. 98-11 
Peter Thejll and Henrik Svensmark: Notes on the 
method of normalized multivariate regression 
 
No. 98-12 
K. Lassen: Extent of sea ice in the Greenland Sea 
1877-1997: an extension of DMI Scientific Report 
97-5 
 
No. 98-13 
Niels Larsen, Alberto Adriani and Guido DiDon-
francesco: Microphysical analysis of polar strato-
spheric clouds observed by lidar at McMurdo, 
Antarctica 
 
No.98-14 
Mette Dahl Mortensen: The back-propagation 
method for inversion of radio occultation data 



 
No. 98-15 
Xiang-Yu Huang: Variational analysis using spa-
tial filters 
 
No. 99-1 
Henrik Feddersen: Project on prediction of climate 
variations on seasonel to interannual timescales 
(PROVOST) EU contract ENVA4-CT95-0109: 
DMI contribution to the final report:  Statistical 
analysis and post-processing of uncoupled 
PROVOST simulations 
 
No. 99-2 
Wilhelm May: A time-slice experiment with the 
ECHAM4 A-GCM at high resolution: the experi-
mental design and the assessment of climate change 
as compared to a greenhouse gas experiment with 
ECHAM4/OPYC at low resolution 
 
No. 99-3 
Niels Larsen et al.: European stratospheric moni-
toring stations in the Artic II: CEC Environment and 
Climate Programme Contract ENV4-CT95-0136. 
DMI Contributions to the project 
 
No. 99-4 
Alexander Baklanov: Parameterisation of the 
deposition processes and radioactive decay: a re-
view and some preliminary results with the DERMA 
model 
 
No. 99-5 
Mette Dahl Mortensen: Non-linear high resolution 
inversion of radio occultation data 
 
No. 99-6 
Stig Syndergaard: Retrieval analysis and method-
ologies in atmospheric limb sounding using the 
GNSS radio occultation technique 
 
No. 99-7 
Jun She, Jacob Woge Nielsen: Operational wave 
forecasts over the Baltic and North Sea 
 
No. 99-8 
Henrik Feddersen: Monthly temperature forecasts 
for Denmark - statistical or dynamical? 
 
No. 99-9 
P.  Thejll, K. Lassen: Solar forcing of  the 
Northern hemisphere air temperature: new data 
 
No. 99-10 
Torben Stockflet Jørgensen, Aksel Walløe Han-
sen: Comment on “Variation of cosmic ray flux and 
global coverage - a missing link in solar-climate re-
lationships” by Henrik Svensmark and Eigil Friis-
Christensen 
 

No. 99-11 
Mette Dahl Meincke: Inversion methods for at-
mospheric profiling with GPS occultations 
 
No. 99-12 
Hans-Henrik Benzon; Laust Olsen; Per Høeg: 
Simulations of current density measurements with a 
Faraday Current Meter and a magnetometer 
 
No. 00-01 
Per Høeg; G. Leppelmeier: ACE - Atmosphere 
Climate Experiment 
 
No. 00-02 
Per Høeg: FACE-IT: Field-Aligned Current Ex-
periment in the Ionosphere and Thermosphere 
 
No. 00-03 
Allan Gross:  Surface ozone and tropospheric 
chemistry with applications to regional air quality 
modeling. PhD thesis 
 
No. 00-04 
Henrik Vedel: Conversion of WGS84 geometric 
heights to NWP model HIRLAM geopotential 
heights 
 
No. 00-05 
Jérôme Chenevez: Advection experiments with 
DMI-Hirlam-Tracer 
 
No. 00-06 
Niels Larsen: Polar stratospheric clouds micro- 
physical and optical models 
 
No. 00-07 
Alix Rasmussen: “Uncertainty of meteorological 
parameters from DMI-HIRLAM” 
 
No. 00-08 
A.L. Morozova: Solar activity and Earth’s weather. 
Effect of the forced atmospheric transparency 
changes on the troposphere temperature profile stud-
ied with atmospheric models 
 
No. 00-09 
Niels Larsen, Bjørn M. Knudsen, Michael Gauss, 
Giovanni Pitari: Effects from high-speed civil traf-
fic aircraft emissions on polar stratospheric clouds 
 
No. 00-10 
Søren Andersen: Evaluation of SSM/I sea ice algo-
rithms for use in the SAF on ocean and sea ice, July 
2000 
 
No. 00-11 
Claus Petersen, Niels Woetmann Nielsen: Diag-
nosis of visibility in DMI-HIRLAM 
 
No. 00-12 
Erik Buch: A monograph on the physical oceanog-
raphy of the Greenland waters 



 
No. 00-13 
M. Steffensen: Stability indices as indicators of 
lightning and thunder 
 
No. 00-14 
Bjarne Amstrup, Kristian S. Mogensen, Xiang-
Yu Huang: Use of GPS observations in an optimum 
interpolation based data assimilation system 
 
No. 00-15 
Mads Hvid Nielsen: Dynamisk beskrivelse og hy-
drografisk klassifikation af den jyske kyststrøm 
 
No. 00-16 
Kristian S. Mogensen, Jess U. Jørgensen, Bjarne 
Amstrup, Xiaohua Yang and Xiang-Yu Huang: 
Towards an operational implementation of 
HIRLAM 3D-VAR at DMI 
 
No. 00-17 
Sattler, Kai; Huang, Xiang-Yu: Structure function 
characteristics for 2 meter temperature and relative 
humidity in different horizontal resolutions 
 
No. 00-18 
Niels Larsen, Ib Steen Mikkelsen, Bjørn M. 
Knudsen m.fl.: In-situ analysis of aerosols and 
gases in the polar stratosphere. A contribution to 
THESEO. Environment and climate research pro-
gramme. Contract no. ENV4-CT97-0523. Final re-
port 
 
No. 00-19 
Amstrup, Bjarne: EUCOS observing system ex-
periments with the DMI HIRLAM optimum interpo-
lation analysis and forecasting system 
 
No. 01-01 
V.O. Papitashvili, L.I. Gromova, V.A. Popov and 
O. Rasmussen: Northern polar cap magnetic activ-
ity index PCN: Effective area, universal time, sea-
sonal, and solar cycle variations 
 
No. 01-02 
M.E. Gorbunov: Radioholographic methods for 
processing radio occultation data in multipath re-
gions 
 
No. 01-03 
Niels Woetmann Nielsen; Claus Petersen: Calcu-
lation of wind gusts in DMI-HIRLAM 
 
No. 01-04 
Vladimir Penenko; Alexander Baklanov: Meth-
ods of sensitivity theory and inverse modeling for 
estimation of source parameter and 
risk/vulnerability areas 
 

No. 01-05 
Sergej Zilitinkevich; Alexander Baklanov; Jutta 
Rost; Ann-Sofi Smedman, Vasiliy Lykosov and 
Pierluigi Calanca: Diagnostic and prognostic equa-
tions for the depth of the stably stratified Ekman 
boundary layer 
 
No. 01-06 
Bjarne Amstrup: Impact of ATOVS AMSU-A ra-
diance data in the DMI-HIRLAM 3D-Var analysis 
and forecasting system 
 
No. 01-07 
Sergej Zilitinkevich; Alexander Baklanov: Calcu-
lation of the height of stable boundary layers in op-
erational models 
 
No. 01-08 
Vibeke Huess: Sea level variations in the North Sea 
– from tide gauges, altimetry and modelling 
 
No. 01-09 
Alexander Baklanov and Alexander Mahura: 
Atmospheric transport pathways, vulnerability and 
possible accidental consequences from nuclear risk 
sites: methodology for probabilistic atmospheric 
studies 
 
No. 02-01 
Bent Hansen Sass and Claus Petersen:  Short 
range atmospheric forecasts using a nudging proce-
dure to combine analyses of cloud and precipitation 
with a numerical forecast model 
 
No. 02-02 
Erik Buch: Present oceanographic conditions in 
Greenland waters 
 
No. 02-03 
Bjørn M. Knudsen, Signe B. Andersen and Allan 
Gross: Contribution of the Danish Meteorological 
Institute to the final report of SAMMOA. CEC con-
tract EVK2-1999-00315: Spring-to.-autumn meas-
urements and modelling of ozone and active species 
 
No. 02-04 
Nicolai Kliem: Numerical ocean and sea ice model-
ling: the area around Cape Farewell (Ph.D. thesis) 
 
No. 02-05 
Niels Woetmann Nielsen: The structure and dy-
namics of the atmospheric boundary layer 
 
No. 02-06 
Arne Skov Jensen, Hans-Henrik Benzon and 
Martin S. Lohmann: A new high resolution 
method for processing radio occultation data 
 
No. 02-07 
Per Høeg and Gottfried Kirchengast: ACE+: At-
mosphere and Climate Explorer 
 



No. 02-08 
Rashpal Gill: SAR surface cover classification us-
ing distribution matching 
 
No. 02-09 
Kai Sattler, Jun She, Bent Hansen Sass, Leif 
Laursen, Lars Landberg, Morten Nielsen og 
Henning S. Christensen: Enhanced description of 
the wind climate in Denmark for determination of 
wind resources: final report for 1363/00-0020: Sup-
ported by the Danish Energy Authority 
 
No. 02-10 
Michael E. Gorbunov and Kent B. Lauritsen: 
Canonical transform methods for radio occultation 
data 
 
No. 02-11 
Kent B. Lauritsen and Martin S. Lohmann: Un-
folding of radio occultation multipath behavior us-
ing phase models 
 
No. 02-12 
Rashpal Gill: SAR ice classification using fuzzy 
screening method 
 
No. 02-13 
Kai Sattler: Precipitation hindcasts of historical 
flood events 
 
No. 02-14 
Tina Christensen: Energetic electron precipitation 
studied by atmospheric x-rays 
 
No. 02-15 
Alexander Mahura and Alexander Baklanov: 
Probablistic analysis of atmospheric transport pat-
terns from nuclear risk sites in Euro-Arctic Region 
 
No. 02-16 
A. Baklanov, A. Mahura, J.H. Sørensen, O. 
Rigina, R. Bergman:  Methodology for risk analy-
sis based on atmospheric dispersion modelling from 
nuclear risk sites 
 
No. 02-17 
A. Mahura, A. Baklanov, J.H. Sørensen, F. 
Parker, F. Novikov K. Brown, K. Compton:  
Probabilistic analysis of atmospheric transport and 
deposition patterns from nuclear risk sites in russian 
far east 
 
No. 03-01 
Hans-Henrik Benzon, Alan Steen Nielsen, Laust 
Olsen:  An atmospheric wave optics propagator, 
theory and applications 
 
No. 03-02 
A.S. Jensen, M.S. Lohmann, H.-H. Benzon and 
A.S. Nielsen:  Geometrical optics phase matching of 
radio occultation signals 
 

No. 03-03 
Bjarne Amstrup, Niels Woetmann Nielsen and 
Bent Hansen Sass:  DMI-HIRLAM parallel tests 
with upstream and centered difference advection of 
the moisture variables for a summer and winter pe-
riod in 2002 
 
No. 03-04 
Alexander Mahura, Dan Jaffe and Joyce  
Harris:  Identification of sources and long term 
trends for pollutants in the Arctic using isentropic 
trajectory analysis  
 
No. 03-05 
Jakob Grove-Rasmussen:  Atmospheric Water 
Vapour Detection using Satellite GPS Profiling 
 
No. 03-06 
Bjarne Amstrup:  Impact of NOAA16 and 
NOAA17 ATOVS AMSU-A radiance data in the 
DMI-HIRLAM 3D-VAR analysis and forecasting 
system - January and February 2003 
 
No. 03-07 
Kai Sattler and Henrik Feddersen: An European 
Flood Forecasting System EFFS.  Study on the 
treatment of uncertainties in limited-area NWP rain-
fall using different ensemble approaches 
 
No. 03-08 
Peter Thejll and Torben Schmith: Limitations on 
regression analysis due to serially correlated residu-
als: Application to climate reconstruction from 
proxies 
 
No. 03-09 
Peter Stauning, Hermann Lühr, Pascale Ultré-
Guérard, John LaBrecque, Michael Purucker, 
Fritz Primdahl, John L. Jørgensen, Freddy 
Christiansen, Per Høeg, Kent B. Lauritsen: 
OIST-4 Proceedings. 4’th Oersted International Sci-
ence Team Conference. Copenhagen 23-27 Septem-
ber 2002 
 
No. 03-10 
Niels Woetmann Nielsen:  A note on the sea sur-
face momentum roughness length. 
 
 


