
T ellus (2001), 53A, 1–26 Copyright © Munksgaard, 2001
Printed in UK. All rights reserved TELLUS

ISSN 0280–6495

Sensitivity of Arctic climate simulations to different
boundary-layer parameterizations in a regional

climate model

By K. DETHLOFF1,2*, C. ABEGG3, A. RINKE1, I. HEBESTADT1 and V. F. ROMANOV4, 1Alfred-
Wegener Institute for Polar and Marine Research, Research Department Potsdam, D-14473 Potsdam,
T elegrafenberg A43, Germany; 2Institute of Physics, University of Potsdam, D-14415 Potsdam, PF 60 15 53,
Germany; 3Deutsche Forschungsanstalt für L uft- und Raumfahrt, D-37073 Göttingen, Bunsenstraße 10,
Germany; 4Russian Science Center, T he Arctic and Antarctic Research Institute, R-199397 St. Petersburg,

Bering Str. 38, Russia

(Manuscript received 24 March 1999; in final form 3 April 2000)

ABSTRACT

Arctic climate simulations with the high resolution regional climate model HIRHAM show
some deviations from station data in the planetary boundary layer (PBL) during winter, which
indicates the necessity of improvements in the atmospheric PBL parameterization for a better
description of the vertical stratification and atmosphere–surface energy exchange. A
1-dimensional single column model scheme has been used to investigate the influence of two
different PBL parameterizations in monthly integrations for January 1991 and July 1990. The
first scheme uses the boundary layer parameterization of the atmospheric circulation model
ECHAM3, including the Monin–Obukhov similarity theory in the surface layer and a mixing
length approach above. The second scheme applies the Rossby-number similarity theory for
the whole PBL, connecting external parameters with turbulent fluxes and with universal func-
tions determined on the basis of Arctic data. For both schemes the heat and humidity advection
has been determined as residual term of the PBL balance equations. Diabatic sources have
been computed from the current model solution and local temperature and humidity changes
are estimated from radiosonde data. The simulated vertical structure and the atmosphere–
surface energy exchange during January strongly depends on the used PBL parameterization
scheme. These different PBL parameterization schemes were then applied for simulations of the
Arctic climate in the 3-dimensional regional atmospheric climate model HIRHAM, using
ECHAM3 with Monin–Obukhov similarity theory, ECHAM3 with Rossby-number similarity
theory and ECHAM4 parameterizations with a turbulent kinetic energy closure. The near
surface temperature, the large-scale fields of geopotential and horizontal wind are simulated
satisfactorily by all three schemes, but strong regional differences occur. The results show a
sensitivity to the type of turbulence exchange scheme used. The comparison with ECMWF
analyses and with radiosonde data reveals that during January ECHAM3 with Rossby number
similarity theory more succesfully simulates the cold and stable PBL over land surfaces, whereas
over the open ocean ECHAM3 with Monin Obukhov similarity works better. ECHAM3 with
Rossby-number similarity theory delivers a better adapted vertical heat exchange under stable
Arctic conditions and reduces the cold bias at the surface. The monthly mean surface turbulent
heat flux distribution strongly depends on the use of different PBL parameterizations and leads
to different Arctic climate structures throughout the atmosphere with the strongest changes at
the ice edge for January.
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1. Introduction (1997), Pinto and Curry (1997) and Pinto et al.
(1999).
The atmospheric PBL provides the physicalThe Arctic plays a crucial role in the global

climate system, since it is the principal region of link between the atmosphere and the earth’s sur-
face for exchanges of heat, moisture andradiative energy deficit and atmospheric cooling.

Climatic energy equilibrium of the Arctic is main- momentum. The local energy exchange between

the atmosphere and the underlying surface istained by atmospheric energy transports from
middle latitudes and by energy influx from the forced by small-scale turbulence, developing

according to the PBL state. It determines the localocean, mainly provided by meso-scale turbulent

exchange processes parameterization developed in heat and moisture acquisition from the surface to
the atmosphere. The intensity of the small-scalethe atmospheric planetary boundary layer (PBL).

An accurate simulation of sea-level pressure and turbulence is affected by large-scale variables like

wind, temperature and humidity above the PBLsurface winds as well as atmospheric circulation
structures in the PBL and in the free troposphere and by surface conditions like roughness, energy

influx from the surface and the radiation balance.is crucial for a proper simulation of the Arctic

climate. Although it is accepted that the Arctic is The PBL parameterization in a climate model is
directed to express the small-scale turbulencea region of high climate sensitivity, the understand-

ing of the Arctic climate system determined by effects through the large-scale variables, predicted

by the climate model and other external para-radiation processes, atmospheric dynamics, PBL
turbulence and the atmosphere–surface energy meters as averaged surface roughness and solar

radiation. Most of the PBL parameterizationsexchange, is rather poor according to Curry et al.
(1996) and Randall et al. (1998). have been developed mainly for middle latitude

conditions, where neutral or unstable PBL strati-Bromwich et al. (1994) demonstrated that the

typical deficiencies of global climate models for fication prevails. However the high latitudes PBL
is often characterized by extremely stable verticalthe Arctic region are related to the crudeness of

model topography, errors in large-scale dynamics stratification. Intensive surface radiative cooling

forms vertical temperature inversions and stableand inadequacies in the physical processes para-
meterizations. To examine these deficiencies in stratification especially during polar night condi-

tion over land, ice and snow surfaces. Over openArctic climate simulations, Arctic regional climate

models have been developed by Walsh et al. water strong heat fluxes from the relatively warm
water surface to cold air lead to the development(1993), Lynch et al. (1995), Dethloff et al. (1996)

and Jürrens (1999). The modelled Arctic climate of turbulent convection within the PBL and causes

quite unstable stratification. Inhomogenities overshows spatial patterns in agreement with observa-
tions, but large biases during winter, which are the open water surface, drifted sea ice and land

determine the horizontal change of surface albedo,concentrated in the PBL and near the surface. It

was suggested that the Arctic climate reproduction roughness parameter and heat flux from the sur-
face. The appearing horizontal changes often canshould be improved by application of more

advanced vertical heat and moisture exchange be drastic and similar to frontal zones, leading to

quite different heat, moisture and momentum sur-parameterizations following the ideas of Giorgi
et al. (1993) and Brinkop and Roeckner (1995). face-air exchange as discussed in Romanov et al.

(1987).Giorgi et al. (1993) carried out sensitivity experi-

ments to investigate the influence of PBL para- Dethloff et al. (1996) applied the regional cli-
mate model HIRHAM, using the physical para-meterization and radiative transfer formulation on

climate simulations in the high resolution regional meterizations of the Hamburg general circulation

model ECHAM3 to simulate the climate of themeso-scale model MM4 applied to Europe. Tilley
and Lynch (1998) investigated the influences of whole Arctic with a horizontal resolution of 50 km.

While the general spatial patterns of surface airdifferent land surface schemes and sensible heat
fluxes on the Arctic climate as a result of changed temperature, mean sea level pressure and geopot-

ential consist with the European Center forsurface characteristics. The improvements on

account of more advanced radiation and cloud Medium Weather Forecast (ECMWF) analyses,
the model shows the largest biases near the surfaceproperties have been discussed in Rinke et al.
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during winter. The model parameterizations fail data for selected stations over the Arctic. The
validation against ECMWF analyses is not perfect,to reproduce the strongly stable PBL as a result

of intensive surface radiative cooling and lack of since the analyses are model data themselves.

Nevertheless this procedure is chosen, becausesolar radiation. To study the influence of different
PBL parameterization schemes, first a 1-dimen- there are only a few observations available from

polar regions.sional version of the HIRHAM model developed

by Christensen and Meijgaard (1992), will be used. Single column validation of the model against
radiosonde data has been a key part of the modelThis 1-dimensional version has been monthly

integrated for polar night and polar day conditions development and it provides the insight for isolat-

ing relevant mechanisms as pointed out by Randallto analyse the influence of different parameteriz-
ation schemes on the development of atmospheric et al. (1996). The aim of PBL parameterization is

to reproduce the sub-grid effects of the localcirculation patterns. Integrations were carried out

using the original ECHAM3 boundary layer para- turbulence, which are mainly responsible for the
local vertical exchange and the formation of ver-meterization on the basis of Monin–Obukhov

(MO) similarity in the surface layer and a mixing tical structures. The study of different PBL para-

meterization schemes in the 1-dimensional versionlength concept for the remaining PBL. These
results are compared with an Arctic PBL para- of the HIRHAM model show the idealised influ-

ence of the parameterization schemes on the ver-meterization using the Rossby similarity theory

developed by Monin and Zilitinkevich (1967) and tical profiles without complicated interactions
with other parts of the model. Such an approachBlackadar (1967) and adapted to polar conditions

by Romanov (1977) and Romanov et al. (1987). allows to concentrate on the PBL scheme without
considering deficiences from other parts of theThe application of the MO theory is limited to

the lowest part of the whole boundary layer, where model. After identifying the isolated influence of

the different PBL schemes, runs with the fullthe turbulent fluxes could be considered as inde-
pendent from height. The Rossby number similar- 3-dimensional model HIRHAM with a horizontal

resolution of 50 km, including nonlinear inter-ity theory extends the MO similarity approach to

the whole PBL describing also the upper part of actions among the physical processes have been
carried out. Cuxart et al. (1994) proceeded sim-the planetary boundary layer. It allows to establish

relationships between surface fluxes and their ver- ilarly for the investigation of transilient turbulence

theory and the exchange coefficient approach andtical profiles with the flow parameters above the
boundary layer and with the surface conditions. so did Viterbo et al. (1999) for the investigation

of the influence of land-surface boundary-layerThe ability of the model to reproduce the

observed flux distribution depends on the para- coupling in the ECMWF model.
In Section 2 the different parameterizationmeterization of the PBL and the vertical distribu-

tion of these fluxes throughout the boundary layer. schemes will be described. Section 3 contains the

1-dimensional column simulations for JanuaryThe computation and distribution of the fluxes is
related to the number of model levels, which is 1991 and July 1990 and presents the influence

of different PBL schemes on the 3-dimensionalstrongly limited in a climate model. In order to

study the influence of different PBL parameteriza- simulations using HIRHAM with a horizontal
resolution at 50 km. These model results weretions on atmospheric circulation structures over

the Arctic, different versions of the 3-dimensional compared with radiosonde observations. Finally,

Section 4 summarizes the main conclusions.regional climate model HIRHAM have been
investigated. ECHAM3 physics and Monin
Obukhov theory, ECHAM3 physics with Rossby

number similarity theory and ECHAM4 para- 2. The PBL parameterization schemes
meterizations on the basis of turbulent kinetic

energy closure have been used for monthly integra- The main aim of the PBL parameterization is
to express the small-scale turbulent verticaltions of January 1991 and July 1990 with a

horizontal resolution of 50 by 50 km. These integ- exchange through large-scale prognostic variables

of the climate model. Since the turbulent fluxesrations are compared with each other and with
ECMWF analyses, as well as with radiosonde and vertical profiles within the PBL depend on
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various boundary parameters, the common way be height constant values and the turbulent regime
is entirely determined by the three parameters,is to develop relationships between the large-scale

variables of the climate model and the sub-grid surface stress t0=u210=[(u∞w∞)20+ (v∞w∞)20]1/2, sur-
face heat fluxQ0= (w∞h∞)0 and buoyancy parameterPBL parameters on the basis of similarity theories

using universal dimensionless functions, presented b=g/T0 , with (u∞w∞)20 and (v∞w∞)20 as the surface
turbulent stress components, u* the surface frictionin Abegg (1999).

The 1-dimensional prognostic equations for the velocity; (w∞h∞)0 the kinematic sensible heat flux at
the surface, for z=z0 with z as height above themean horizontal wind speed components u, v,

potential temperature h,water vapour mixing ratio ground and z0 as roughness length. The gravity
acceleration is g and T0 is a constant meanq and liquid water content ql are given by
temperature.
The appearing length-dimension combination

∂u
∂t
=−

∂
∂z
(w∞u∞)+ f (v−vg) , (1)

is the MO length L=u2
10/(kbh10 ) which des-

cribes the typical thickness of the surface layer.∂v
∂t
=−

∂
∂z
(w∞v∞)+ f (u−ug ) , (2) h

10=−(w∞h∞)0/u10 is the turbulent temperature
scale. k is the von Karman constant. The dimen-
sionless combination f=z/L presents a dimen-∂h

∂t
=−

∂
∂z
(w∞h∞)+

L H
cp
[(C(h)−V (h)]

sionless height or local stratification parameter.

The turbulent fluxes and dimensionless vertical
+
1

rcp

∂F
∂z
−
∂h
∂t K
adv
, (3) gradients of the mean variables are presented as

universal dimensionless functions depending only
on the parameter f.∂q

∂t
=−

∂
∂z
(w∞q∞)−C(q)+V (q)−

∂q
∂t K
adv
, (4)

kz

u
10

∂u
∂z
=Qm(f) , (6)

∂ql
∂t
=−

∂
∂z
(w∞q∞l)+C(ql )−P(ql ) , (5)

kz

h
10

∂h
∂z
=wh(f) . (7)

where ug and vg are the geostrophic wind compon-
ents, f is the Coriolis parameter, L H is the latent Above the surface layer a mixing length
evaporation heat, cp is the dry air specific heat approach has been used for the turbulent
capacity for constant pressure, r is density and F

momentum (index m) and heat (index h) exchange
the net radiation flux. The symbolic terms C, V

coefficients.
and P describe the condensation of water vapour,
evaporation of rain droplets and the precipitation

Km,h=l2m,h K∂vh∂z K fm,h (Ri) , (8)formation. The last terms in (3) and (4) describe
the large-scale contribution to local temperature

where vh is the horizontal wind speed componentand humidity time changes, caused by horizontal
and fm,h (Ri) are universal functions of the stabil-advection effects. In order to close the system of
ity parameter with the Richardson number Ri. Toequations, the turbulent momentum, heat and
determine the mixing length lm,h the formulationmoisture fluxes, e.g., the first terms on the right
of Blackadar (1962) has been used:hand side of (1)–(5) are expressed through an

eddy diffusion assumption. The formulation for 1/lm,h=1/kz+1/lm,h , (9)
the turbulent exchange coefficients of momentum

where lm and lh are the asymptotic mixing lengths.Km and Kh heat is related to the parameterization
concept. The turbulent exchange coefficient for

heat is assumed to be equal to the exchange 2.2. Rossby-number similarity
coefficients for humidity and liquid water content.

Above the surface layer within the PBL the
Coriolis parameter becomes important for the

2.1. Monin–Obukhov similarity
PBL dynamics. Therefore, Kazansky and Monin

(1960) introduced the Coriolis parameter f in theThe surface layer is defined as the lower part of
PBL, where the turbulent fluxes are supposed to set of governing equations. Thus two length-
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dimension scales appear, the MO length L and presented as
additionally the Kazansky–Monin scale L 0

Km=Kh=
k2u2
10
f
Kn(m, zn) , (14)=ku

10/ f, presenting the typical PBL thickness
scale. Beside the dimensionless height zn=z/L 0 ,

where Kn is the dimensionless turbulent viscositya second dimensionless combination m0=L 0/L
coefficient, performed as universal dimensionless=−(k2bQ0 )/( fu210 ) appears, which represents the
function, depending on the local stratificationlocal stratification parameter.
parameter m and on the dimensionless height zn .To express the turbulent PBL fluxes by external

variables, predicted in the climate model, the zn= ( f/km10)z. (15)
Rossby-number similarity theory for a stationary

The ratio of the turbulent heat exchange coeffi-and horizontally homogeneous PBL has been
cient to the turbulent viscosity coefficient is usuallydeveloped by Monin and Zilitinkevich (1967). It
taken as 1, according to Monin and Yaglomwas assumed that the turbulence parameters
(1971), i.e., aT=Kh/Km=1.depend on the external conditions only through
Thus, every internal PBL turbulent parameterthe 5 parameters:

is defined by boundary conditions only.G — geostrophic wind speed above the PBL,
f — Coriolis parameter, z0 — surface roughness 2.3. Parameterization of the boundary conditionslength, Dh=hH−h0 — potential temperature

difference at the top and bottom of the PBL and External parameters included into the numbers
b=g/T0 — buoyancy parameter. Ro and S are related to the PBL top level H,
These 5 parameters form two dimensionless presenting the PBL thickness and depending on

combinations. The first is the Rossby number the local turbulent regime. Therefore the PBL
Ro=G/( fz0 ) and the second the integral PBL thickness H is determined by the use of the
stratification number S=bDh/( fG). The PBL tur- additional universal dimensionless function c.
bulent fluxes depend on the external conditions According to the similarity concept, the c-function
through these 2 dimensionless combinations. of the only dimensionless parameter m is
Scaling the PBL variables, it is possible to connect
internal and external parameters through the uni- H=

kv
10
f
c(m) , (16)

versal dimensionless functions gv , ga and gT ,
depending only on the parameters Ro and S. where the PBL thickness H is scaled by the

Monin–Kazansky scale L 0 and depends on thev
10=Ggv(Ro, S), (10)

local PBL stratification.
The external parameter Rossby number Roa=g

a
(Ro, S), (11)

includes the wind speed value G at level H and
could be extrapolated from the nearest climateh

10=DhgT (Ro, S), (12)
model level above H with use of the barotropic

where a is the angle, presenting the surface wind presentation or corrected by the thermal wind
orientation relative to the geostrophic wind G presence depending on height and on horizontal
direction above the PBL. temperature gradient above the PBL, which is
This formulation also leads to a connection known from the current climate model solution.

between the local stratification parameter, which The potential temperature values hH and h0 ,
includes the surface turbulent heat flux Q0 and the included into the external parameter S are also
integral stratification number S, determined by principally unknown, because they depend on the
the temperature difference Dh of PBL top and local turbulence properties. However, the PBL
bottom levels hH and h0 . parameterization (Romanov, 1976a) solves the

problem. The topic PBL levelH temperature value
hH is linearly extrapolated from the climate modelm=k3

h
10
Dh

G

v
10
S. (13)

level z located above H.

TH=Tz+ca(z−H) , (17)According to the similarity theory, vertical pro-
files of the turbulent exchange coefficients are where T

z
is the temperature at level z>H, deter-
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mined from the climate model and ca is the et al., 1992) or of the ECHAM4 general circulation
model (Roeckner et al., 1996).adiabatic temperature vertical gradient for Arctic

conditions (Romanov et al., 1987). HIRHAM is a hydrostatic primitive equation

regional atmospheric model based on the adia-The surface heat balance equation is used to
close the problem relative to the surface temper- batic formulation of the HIRLAM system

(Machenhauer, 1988; Gustafsson, 1993) and theature value h0 .
physical parameterizations of the global model

cpr0Q0+L HE0+qs+qm=F , (18) ECHAM. The horizontal grid uses rotated
latitude/longitude coordinates with north pole atwhere L HE0 is the evaporation energy loss, qs the 0°N and 0°E, a resolution of 0.5° by 0.5°. Theheat flux from the surface through the quasi-
lateral boundary scheme is the simplified Davieslaminar roughness sublayer z0 , qm is the surface (1976) relaxation over 10 grid points. The semi-energy loss for ice and snow melting, if h0 is above implicit leapfrog time-stepping scheme withmelting temperature and F is the surface radiation
Asselin time filtering has been used.balance. Assuming that humidity and temperature
The radiation scheme in ECHAM3 is based onprofiles are similar in the vicinity of the surface,

Hense et al. (1982). The ECHAM4 radiationthe turbulent humidity flux is expressed propor-
scheme is in accordance with Morcrette (1989)tionally to the turbulent heat flux, and the evap-
and takes into account improved parameterizationoration loss L HE0 is determined through the of the water vapour continuum (Giorgetta andsurface sensible heat flux Q0 . The heat flux from Wild, 1995). Both model versions use stratiformthe surface is determined from the ECHAM3
clouds (Sundqvist, 1978, Roeckner et al., 1991),parameterizations, using the calculated surface air
cumulus convection (Tiedtke, 1989; Nordeng,temperature h0 . The universal dimensionless func- 1994) and gravity wave drag formulation (Palmertions for gv , ga and Kn used for the parameteriza- et al., 1986; Miller et al., 1989).tions are determined as a multilevel nonlinear
A land-surface parameterization package hasdifferential numerical automodel solution of the

been applied which comprises a 5-layer soil withPBL (Romanov, 1976b). They are verified by
predicted temperature, a bucket model for the soilArctic data and defined in form of graphs in
water, vegetation effects and a run-off scheme(Romanov, 1977, Romanov et al., 1987, see also
(Dümenil and Todini, 1992) with soil characteristicthe appendix of Abegg, 1999).
fields from Claussen et al. (1994) and RoecknerThe differential kinetic energy balance equation
et al. (1996).and Kolmogorov hypothesis, which connects the
A simple sea-ice treatment is based on the seaturbulent viscosity coefficient and kinetic turbu-

surface temperature (SST), assuming sea ice whenlent energy with the mixing length, are used to
the SST is below 271.37 K and calculating theclose the problem as well as the von Karman
skin temperature according to a linearized heathypothesis, generalized for the stratified PBL. The
balance equation. A fixed sea ice thickness of 2 msensible turbulent heat flux is described by the
is used. The SST is taken from ECMWF analyses,differential heat balance equation.
updated daily.

The ECHAM3 PBL scheme uses the Monin
Obukhov similarity theory in the surface layer
with the universal dimensionless functions of Louis3. Influence of different PBL

parameterizations on atmospheric (1979) and a mixing length approach following
Blackadar (1962) above the surface layer,structures
described in DKRZ (1992). In ECHAM4 a PBL
scheme according to Brinkop and Roeckner (1995)The model employed in this study is the regional

atmospheric climate model HIRHAM, developed and Roeckner et al. (1996) has been used, which

bases on an additional turbulent kinetic energyby Christensen et al. (1996), which has been
applied to the Arctic Basin by Dethloff et al. equation with an exchange coefficient approach.

In this study simulations with HIRHAM includ-(1996) and Rinke et al. (1997, 1999). HIRHAM

uses either the physical parameterization of the ing the original physical parameterizations of
ECHAM3 and ECHAM4 habe been carried out.ECHAM3 general circulation model, (Roeckner
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Additional runs were performed in which the PBL and disadvantages of the different possibilities for
prescribing advective tendencies and pointed outturbulence closure scheme of ECHAM3 was

replaced by the Rossby-number similarity theory, that among the different methods of specifying

the observed forcing for 1-dimensional columnupdated for the Arctic. In a first step single-column
versions of each model have been used in order models each method has its own strengths and

weaknesses.to test the different turbulence closure schemes.

Simulations with ECHAM3 physics and Monin In our approach we apply the single column
version of the HIRHAM model as a test tool toObukhov similarity theory in the surface layer

and the Rossby-number theory approach for the identify the qualitative influences of different PBL

parameterizations. Therefore we used a procedurewhole PBL parameterization are compared. In a
second step the influence of different PBL para- of determining the advective forcing within the

limits of acceptable simplicity. The simulationmeterization schemes on the Arctic atmospheric

circulation was studied with the corresponding results of a 3-dimensional climate model are com-
plicated and depend on all aspects of that model,3-d versions of HIRHAM. These simulations were

compared with radiosonde data for individual so that it can be very difficult to attribute qualitat-

ive deficiences of the results to special aspects ofstation points. In order to distinguish the simula-
tion runs of the regional atmospheric climate the model parameterizations. Single column ver-

sion runs allow to test parameterizations withoutmodel HIRHAM with three different PBL para-

meterizations the following abbreviations have complications from the rest of a climate model.
The vertical feedbacks inside the single columnbeen used:

version are active, whereas those involving theECHAM3_MO — ECHAM3 with Monin Obu-
large-scale circulation cannot be included. Thekhov mixing length parameterization,
PBL scheme could for instance have an impactECHAM3_RO— ECHAM3 with Rossby number
on cloud cover and radiation. Consequently, thesimilarity parameterization,
full nonlinear interaction between the vertical andECHAM4 — ECHAM4 with turbulent kinetic
the horizontal feedbacks can be studied only withenergy closure.
the 3-dimensional model.
The 1-dimensional version (1d) of the regional

3.1. Simulations with the 1-dimensional column
climate model HIRHAM was developed by

model
Christensen and Meijgaard (1992). This model
contains all physical parameterizations ofBetts and Miller (1986), Cuxart et al. (1994)

and Randal et al. (1996) developed the idea of ECHAM3, including radiation, clouds, convec-

tion, land-surface processes, gravity wave dragapplying single columnmodels to test parameteriz-
ations under development for general circulation and PBL processes (Roeckner et al., 1992). The

original 1d model does not include any horizontalmodels. In this approach a parameterization is

exercised in the framework of a single atmospheric heat and moisture advection, although this advec-
tion presents an important process to compensatecolumn, which can be thought of as a single

atmospheric column taken from a global climate the local energy loss caused by diabatic cooling,

as typical for Arctic winter conditions. In ordermodel. The tendencies of temperature and mois-
ture due to horizontal advection are used to force to integrate a 1d model over a time period of one

month, it is necessary to include horizontal advec-the single column model. Objective analysis

methods from various sources like radiosondes tion. Therefore in this study local energy sources
or sinks owing to horizontal advection have beenand wind profilers can be used to obtain synoptic

descriptions of the large-scale forcing fields. taken into account, acting in the conservation

equations for heat (3) and humidity (4), describedAlternatively, data assimilation products of
numerical weather prediction centers can be used. in Section 2.

Local temporal temperature and humidityIn the latter case the problem of affecting the
forecast results of the model by the applied phys- changes might be caused not only by horizontal

advection, but also by the total effects of the localical parameterizations arises, which is particularly

important in data-sparse regions like the Arctic. diabatic processes at the same point. Assuming
that the 1d model simulates the local diabaticRandall and Cripe (1999) discussed the advantages
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processes realistically, the advection effects can be using ECHAM3_MO and ECHAM3_RO for
January and July conditions, respectively. Largestdetermined by substracting the local temporal

changes provided from radiosonde data from the flux differences as a result of different PBL para-

meterizations occur during January at the lowesttotal diabatic sources computed by the current
model. That means, the horizontal advection is model levels. ECHAM3_MO model results show

nearly neutral stratification, if the sensible heatdetermined as residual term to satisfy the heat

and humidity balance equations: flux values are close to zero within the surface
layer and up to the PBL top. On the contrary by
using ECHAM3_RO pronounced negative heat

∂h
∂t K
Adv
=
∂h
∂t
−
Dh

Dt K
Data
, (19)

fluxes were produced over the whole PBL depth
with maximum values of about −15 W/m2. The∂q

∂t K
Adv
=
∂q
∂t
−
Dq

Dt K
Data
. (20) greatest differences occur in the lowest model

levels for January. The monthly mean temperature
differences reach 4 to 6°C, and humidity differencesThe 1d model was integrated in time, initialized

with the temperature, humidity and wind radio- exceed 0.5 g/kg near the surface, not shown here.

The comparison of these two different para-sonde profiles. Advective forcing terms for the
heat and humidity balance equations have been meterizations also shows, that the PBL height is

reduced for January conditions, when Rossbydetermined from radiosonde data. The horizontal

momentum advection is assumed to be negligible. number similarity is used for the parameterization
of the PBL. Both parameterizations produce quiteA vertical 25 levels resolution is used, whereby the

lowest 8 levels are in the PBL. The time step for similar profiles above 1500 m. The Rossby number
similarity scheme results in a more stable strati-all integrations is 300 s. The calculations described

here for January 1991 and July 1990 were per- fication than the MO-mixing length scheme.

Similar calculations have been carried out duringformed at the Arctic land point Norman Wells
(65.3°N, 126.8°W). January for the Russian land point Norilsk

(69.3°N, 88.3°O), not shown here. These computa-The described approach of calculating the

advection terms forces the model to match the tions confirm the result that the Rossby number
similarity scheme leads to a more stable stratifica-radiosonde observations for single station points.

First the advective tendencies has been computed tion than the MO-mixing length scheme. Whereas

for ECHAM3_MO the thermal stratification ison the basis of ECHAM3_MO. The same advect-
ive tendencies have been applied to the experi- neutral or slightly unstable, for the ECHAM3_RO

runs pronounced time intervalls with stable condi-ments using ECHAM3_RO. Figs. 1a, b show the

comparison of the temperature simulated by using tions occur. Significant differences between the
time evolution of the models are connected withECHAM3_MO with radiosonde data for January

and July conditions at the Arctic land point periods of stable conditions. For July the vertical

sensible heat flux profiles are quite similar forNorman Wells. As is evident from the height–time
cross-sections, the simulated temperature is well- both parameterizations.

The main focus of the experiments with the 1dfollowing the data in the whole atmosphere mainly

as a result of the prescribed advective forcing. version of HIRHAM under the influence of a
simple but realistic advective forcing was the deter-Accordingly, the monthly averaged temperature

profile agrees well with observations. Deviations mination of the influence of different turbulence

parameterizations on simulated Arctic temper-between model simulations and station data are
in the range of natural interannual variability. No ature and humidity profiles for mean winter and

summer conditions. Serreze et al. (1992) discussedattempt was made to calibrate the parameteriz-

ation schemes to produce the best possible simula- the existence of Arctic temperature inversion near
the surface. This temperature inversion has beentions. The 1-dimensional validation reveals that

the vertical temperature and humidity profiles are reproduced in our 1d dimensional simulations.
Since the physical control of Arctic inversions isrealistic if the correct forcing is imposed.

Figs. 2a, b present the monthly mean vertical a complex phenomenon, which involves not only

radiative cooling, but also warm-air advection,profiles of sensible heat flux, computed in the 1d
model with the same prescribed advection terms subsidence, surface melt and topographic influ-
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Fig. 1. Height–time cross-section and monthly-mean vertical profile of the model simulated temperature in (°C) with
advection effect (dashed lines) and radiosonde data (solid lines) for January 1991 (a) and July 1990 (b).
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Fig. 2. Monthly averaged vertical profiles of the sensible turbulent heat flux in (W/m2), simulated by ECHAM3
version with MO-mixing length similarity (solid lines) and ECHAM3 version with Rossby-number similarity (dashed
lines) for January 1991 (a) and July 1990 (b).

ences, a better understanding requires full inter- 3.2.1. Near surface temperature and surface sens-
ible heat fluxes. The near surface temperature is aactions in the 3d simulations, as described in the

following. useful variable to determine the quality of a
regional climate model. The comparison of the
simulated near surface temperatures for January

3.2. Simulations with the 3-dimensional regional
1991 with those obtained from the ECMWF ana-

climate model
lyses is shown in Fig. 3. The spatial distribution
of the simulated near surface temperature is inThe influence of different PBL parameterization

schemes on the atmospheric circulation struc- agreement with the ECMWF analyses. The main
features as the high temperatures over the Northtures over the Arctic has been studied in the

3-dimensional regional climate model HIRHAM Atlantic as well as the low temperatures over the

Arctic Ocean are well simulated with all 3 PBLwith a horizontal resolution of 0.5°. In the follow-
ing the simulation results using three fundament- schemes. The differences over continental areas

are in the range of ca. 5°C. The different schemesally different PBL parameterizations (ECHAM3

with MO mixing length parameterization, used in the regional model seem to overestimate
the temperatures in large areas of the integrationECHAM3 with Rossby number similarity para-

meterization and ECHAM4 with TKE closure) area, especially over continental areas. In view of
the results of Viterbo et al. (1999) these differencesare discussed. These simulations were compared

with local vertical temperature profiles for indi- are probably connected with missing parameteriz-

ations of frozen soil and permafrost processes.vidual station points on the basis of radiosonde
data. The simulated near surface temperatures for
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Fig. 3. Monthly mean near surface air temperature in (°C) for January 1991, from (a) ECMWF analyses, (b) simulated
by ECHAM4 version, (c) simulated by ECHAM3_MO scheme, (d) simulated by ECHAM3_RO scheme.

July 1990 are shown in Fig. 4. The spatial distribu- takes place mostly over the ocean surface, where

the water surface temperature is much highertion of the near surface temperature is in satisfact-
ory agreement with the ECMWF analyses. The than the air surface temperature. The strongest

positive heat flux of 50 to 60 W/m2 occurs overindicated differences over Greenland, the Arctic

Ocean and the continental areas result from the the ice-free-water areas near the ice edge, because
colder air moves from the ice covered surface toapplication of different PBL schemes.

Figs. 5a and Fig. 6a display the monthly mean the warm ice-free water surface, which leads to

the occurrence of unstable stratification.surface sensible heat fluxes over the Arctic for
January 1991 and for July 1990, respectively, Our results are in agreement with the investi-

gations of Overland et al. (1997), who determinedobtained by using ECHAM3_MO. During

summer the energy flux into the atmosphere over sensible heat fluxes for a 5 year climatology on
the basis of the Goddard general circulation modelland reaches values of 50 to 70 W/m2 and almost

everywhere over the ocean and ice surfaces neutral GEOS-1, taking into account observational data

from conventional sources plus aircrafts, ships,or slightly stable stratification prevails. During
winter land and ice areas show mostly negative radiosondes, satellite retrieval and cloud motion

winds.surface heat fluxes indicating downward fluxes

from the atmosphere to the surface. A pronounced Figs. 5b, c show the differences of the surface
sensible heat flux distributions between modelstable stratification occurs in areas over the central

Arctic, Greenland, the Northern Canada territor- runs due to different boundary layer parameteriza-
tions for January 1991 and Figs. 6b, c for Julyies and continental areas of Northern Europe and

Asia, where the surface sensible heat flux reaches 1990. The ECHAM4 version generates a more

stable PBL stratification during January in anegative values around −30 W/m2. Positive
energy flux from the surface into the atmosphere narrow belt to the north of the ice edge, where
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Fig. 4. Monthly mean near surface air temperature in (°C) for July 1990, from (a) ECMWF analyses, (b) simulated
by ECHAM4 version, (c) simulated by ECHAM3_MO scheme, (d) simulated by ECHAM3_RO scheme.

negative fluxes appear and a more unstable PBL ental land areas. In Fig. 6c the surface heat fluxes

distribution for July, determined by thestratification develops south of the ice edge over
open water. A similar picture is produced by ECHAM3_RO run reveals the greatest changes

over land points. Limited areas along the coastalECHAM3_RO for January in Fig. 5c but with a

more stable stratification over Greenland and line can be found, where the strong temperature
contrast between land and ocean induces another continental land areas. The most pro-

nounced changes compared to ECHAM3_MO unstable PBL as a result of higher positive surface

heat fluxes as in the ECHAM3_MO version. Itappear over the continental areas of Greenland,
Northern America and Asia.. In all runs the north appears that the near surface flow, simulated with

Rossby-number similarity theory is more stableice edge zone is influenced by relatively warm air

coming from the open water areas which forms almost everywhere over the ice-covered Arctic
Ocean compared to the ECHAM3 version withintensive downward heat fluxes to the cold ice

and snow surface during winter. This northward MO theory. The most intensive downward dir-

ected heat flux covers a limited belt to the northflow of relatively warm air is most strong in the
case of ECHAM3_RO, presented in Fig. 7d. The of the coastal line, where a relatively cold water

surface takes up quite a lot of atmospheric energydiscrepancies with the observations of Overland

et al. (1997) are in the same range as those between for summer heating. Only a narrow zone to the
south of the Norther American coastal line isthe models and it is impossible to judge the

different PBL schemes on the basis of the available characterized by more unstable stratification, pro-
duced by the ECHAM3 version with the MOobservations.

In Fig. 6b the ECHAM4 run for July produces similarity. The surface heat flux differences over

this zone reach 30 to 40 W/m2.stronger positive surface heat fluxes from the
surface into the atmosphere mostly over contin- Different PBL parameterizations may produce
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Fig. 5. (a) Monthly mean surface sensible heat flux in (W/m2 ) for January 1991, (a) simulated by the ECHAM3
version with MO-mixing length PBL parameterization, (b) differences ‘‘ECHAM4 minus ECHAM3_MO version’’,
(c) ‘‘ECHAM3_RO minus ECHAM3_MO version’’.

significant differences in the monthly climate dis- summer the differences on the sea-ice border are
not pronounced. One consequence of the lowtributions of energy exchange between the atmo-

sphere and the surface over high latitudes, where temperatures during winter, which leads to the
development of a very stable Arctic PBL owinggenerally an intensive energy exchange exists.

The largest changes in the sensible heat fluxes to the high longwave emissivity of snow and ice
surfaces and the missing incoming short waveoccur at the oceanic sea-ice border between

the Greenland sea and the southern part of radiation is a continuous cooling on the surface

in the Arctic. In agreement with the 1d model theSpitsbergen during winter, influencing especially
the temperature distribution in this area. During 3d simulations clearly show a stronger stability
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Fig. 6. (a) Monthly mean surface sensible heat flux in (W/m2 ) for July 1990, simulated by the ECHAM3 version
with MO-mixing length PBL parameterization, (b) differences ‘‘ECHAM4 minus ECHAM3_MO version’’,
(c) ‘‘ECHAM3_RO minus ECHAM3_MO version’’.

for the ECHAM3_RO PBL scheme over land and flow and cloud cover variations as the main

sources of variability in stable boundary layers.sea-ice points.
Handorf et al. (1999) revealed the existence of The identification and contribution of these

different nonlinear physical processes, all con-moderately to extremely stable stratification and
the existence of shallow boundary layers beneath tained in the employed regional atmospheric cli-

mate model HIRHAM were beyond the scope ofthese stability conditions. Derbyshire (1995) char-

acterised terrain-generated effects, meso-scale this work and would need further research. To
which extent the variability of stable boundaryinfluences, gravity waves, variations in synoptic
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layers is controlled by external orographic effects wind distributions above the PBL over the whole
Arctic at the 850 hPa level for January 1991 on theand other spontaneous causes due to synoptic

flow instabilities is not yet understood and has to basis of ECMWF analyses, the ECHAM4 version,

the ECHAM3_MO and the ECHAM3_RO turbu-be investigated further.
lence scheme. The Figs. display the transport over
the central Arctic, directed from Siberia to Norther3.2.2. L arge-scale geopotential and wind struc-

tures. Figs. 7a–d show the geopotential height and America. There exist lows, which are centred over

Fig. 7. Monthly mean geopotential height (gpm) and wind speed (m/s) distribution at 850 hPa level for January
1991 from (a) ECMWF analyses, (b) simulated by ECHAM4 version, (c) simulated by ECHAM3_MO scheme,
(d) simulated by ECHAM3_RO scheme.
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the Labrador Sea and over the Kara Sea as well Figs. 8a–d present the geopotential height and
wind speed distributions over the whole Arctic atas a pressure depression over Spitsbergen. High

pressure structures occur over Siberia and Alaska. the 850 hPa level for July 1990 on the basis of

ECMWF analyses, ECHAM4, ECHAM3_MOComparing the structures of the ECMWF analyses
in Fig. 7a with the ECHAM3_MO simulations in and ECHAM3_RO. The ECMWF analyses in

Fig. 8a show a cyclone over the central Arctic andFig. 7c, the ECHAM3_MO run generates a more

pronounced flow over the central Arctic. Fig. 7a an anticyclone over Greenland. Whereas the
ECMWF analyses points out prevailing windsshows prevailing southward directed winds in

the Fram Strait. These winds are weakened over the East Siberian Sea, blowing from East to

West and turning to the South over Siberianand entirely substituted by northward directed
winds using the ECHAM4 and ECHAM3_MO territories, the ECHAM3_MO formulation in

Fig. 8c generates the opposite flow from West tosimulations.

Overall the ECHAM3_RO run gives the best East. The ECHAM4 version in Fig. 8b simulates
a low over the central Arctic, which extends moreagreement with the ECMWF analyses. Assuming

the ECMWF analyses as a validation tool, the to the Siberian territories. The low over Siberia

which appeared in the ECMWF analyses, disap-southward transport through the Fram Strait indi-
cated in the ECMWF analyses is visible only in pears and the high over Greenland seems more

developed. The monthly mean circulation struc-the simulations with the ECHAM3_RO PBL

scheme. This strongly supports the assumption tures produced by ECHAM3_RO in Fig. 8d are
characterized by a deeper low over the Centralthat this scheme more realistically simulates cold

out breaks from Greenland to the south and that Arctic.
The large-scale fields of geopotential and windit reasonable works in the case of a stable PBL

with strong winds. Because of the influence of the are simulated satisfactorily by all three schemes,

but strong regional differences occur. The bestwind fields on the drift of sea ice the use of the
best appropriated PBL scheme is strongly required agreement with the ECMWF analyses during

summer has been obtained with the ECHAM4in coupled atmosphere-ice-ocean models as discus-

sed in Jürrens (1999). scheme using a TKE closure. For all PBL schemes
the lowest temperatures occur over the ArcticOverland et al. (1997) stated that regional

differences in the atmospheric thermal energy Ocean. These temperatures are higher in July than

during January as a result of incoming solarbudget are related to the tropospheric circulation
pattern in the Arctic. The consistent spatial near radiation and of transient weather systems, trans-

porting more heat into the Central Arctic.surface temperature pattern with coldest temper-

atures in the western Arctic north of Canada and
warmer regions in the Chukchi, Greenland, and 3.2.3. T emperature bias and temperature profiles

at selected grid points. The temperature bias of thethe Barents Seas are simulated (compare Figs.

3b–d) and connected with the tropospheric geo- different PBL schemes compared to the ECMWF
analyses was computed for January 1991 and Julypotential fields. The Figs. 7a–d exhibit strong

katabatic wind fields over Greenland, the strong 1990 as spatial mean for all grid points in the

whole integration area excluding the 10 grid pointsIslandic low and a persistent low located over
Northern Canada. The cyclonic flow around the width boundary zone. The averaged results for all

land points, all points covered by sea-ice and alllow is the tropospheric extension of the strong

polar vortex with the centre over the Arctic Ocean ocean points are presented in Fig. 9 for January
1991 and in Fig. 10 for July 1990. In both monthsin 500 hPa, not shown here. This vortex also steers

mid-latitude transient weather systems which the largest deviations of about 3–4°C occur over
sea-ice points. Over land points the deviations aretransports heat from the Atlanic Ocean into the

eastern Arctic, increasing the temperatures in the within the range of 2–3°C, whereas they are rather
small over ocean points. The temperature bias isBarent Sea and on its return causing the deep

temperatures over Northern Canada. The differ- connected with a similarly strong bias in the
specific humidity of about 0.15 g/kg and greatences in the position of the polar vortex at 500 hPa

as a result of different PBL schemes are quite changes in the cloud structures, not shown here.
The best agreement with the ECMWF humidityconsiderable.
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Fig. 8. Monthly mean geopotential height (gpm) and wind speed (m/s) distribution at 850 hPa level for July 1990
from (a) ECMWF analyses, (b) simulated by ECHAM4 version, (c) simulated by ECHAM3_MO scheme, (d) simu-
lated by ECHAM3_RO scheme.

analyses during winter has been obtained with the weather systems. Serezze et al. (1992) analysed the
occurrence of low-level Arctic temperature inver-ECHAM3_RO version, not shown here.

Over land and sea-ice points the temperature sions using 12 years of temperature sounding data
from 31 Eurasian coastal, inland, and Soviet drift-profile shows a surface inversion as a result of

cooling due to outgoing long-wave radiation. The ing stations. These analyses revealed that inver-

sions tend to be more intensive during winter duetemperature maximuma at about 920 hPa are
caused by heat inflow connected with synoptic to a large deficit in surface net radiation. Overland
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Fig. 9. Monthly averaged temperature profiles in (°C) for January 1991 as mean over all land points (a), all ocean
points (b), all sea-ice points (c) and all integration points (d), simulated by ECMWF, ECHAM4 version,
ECHAM3_MO scheme, ECHAM3_RO scheme.
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Fig. 10. Monthly averaged temperature profiles in (°C) for July 1990 as mean over all land points (a), all ocean
points (b) , all sea-ice points (c) and all integration points (d), simulated by ECMWF, ECHAM4 version,
ECHAM3_MO scheme, ECHAM3_RO scheme.
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and Guest (1991) showed that during winter, when this positive feedback is more pronounced in the
ECMWF model than in the real atmosphere.solar radiation is absent, variations in cloud cover

have a marked effect on the radiation budget, Therefore, an improved parameterization has been

applied with increasing heat diffusion during stablesurface temperatures and hence the inversion layer.
The different PBL schemes show pronounced conditions by use of revised stability functions.

Our ECHAM3_RO scheme with Rossby numberdifferences in the vertical humidity and hence the

cloud profiles. similarity and universal functions developed for
Arctic conditions by Romanov et al. (1987) seemsThe decoupling of the surface fluxes from fluxes

in the atmospheric PBL was investigated by to avoid such cold bias on the surface and delivers

a better adapted vertical heat exchange underDerbyshire (1999). He proposed a positive feed-
back between turbulence of the stable stratified stable Arctic conditions.

Monthly mean vertical temperature profiles atPBL and surface temperature as a result of

decoupling. In the ECHAM3_RO PBL scheme selected grid points for January 1991, calculated
from integrations of model runs withthere are no hints on a positive feedback, since

the reduced turbulence in more stable conditions ECHAM3_MO, ECHAM4 and ECHAM3_RO

were compared with radiosonde data. Fig. 11is not connected with lowered surface temper-
atures. On the contrary because of the reduced shows the mean sea level pressure for January

1991 with the Siberian High (SH), the low overturbulence the surface temperature increases,

indicating a negative feedback process. Since the the Russian Arctic (RA) and European Arctic
(EA), the Islandic Low (IL), the pressure ridgesurface flux does not only depend on the temper-

ature profile but also on the wind profile, which over the Arctic Ocean (AO) and the Alaskian
High (AH). For each of these main pressureis also strongly affected by stability, the nonlinear

problem is so complex that this behaviour is not centres two individual stations were selected in

order to compare the model results withcomprehensively understood. As suggested by
Derbyshire (1999), more idealized modelling on observations.

Fig. 12 depicts the differences of the monthlythis topic is needed. McNider et al. (1995) pointed

out, that if thermal stability dominates over the averaged temperature profiles between model
simulations and radiosonde observations for thewind shear, the generation of turbulent kinetic

energy is suppressed and the surface become 6 main areas SH, RA, EA, IL, AO, AH. The

decoupled from the layers above. This leads to
weak winds on the surface while the vertical
transfer of momentum is reduced. Furthermore,

the surface cools rapidly due to the interrupted
heat transfer from above. This situation can pro-
duce extremely low surface temperatures. On the

other hand, if the wind shear develops faster than
the thermal stability, high levels of turbulence can
be supported by production of turbulent kinetic

energy. This maintains momentum and heat fluxes
from above, leading to warmer and windier condi-
tions near the surface. On the basis of investi-

gations with the ECMWF model Viterbo et al.
(1999) estimated a severe cold bias over contin-
ental ares in winter. This was caused by a positive

feedback, inherent in the stable boundary layer
scheme, similar to our ECHAM3_MO scheme,

that amplifies a near-surface cold bias. If the
surface becomes too cold, the boundary layer

Fig. 11. Monthly mean sea level pressure (hPa) for
becomes more stable, further reducing the down- January 1991 simulated with the ECHAM3_MO scheme
ward heat flux, which results in even more cooling and the selected individual stations for comparison of

the vertical temperature profiles.on the surface. Viterbo et al. (1999) suggest that
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observed monthly means were computed on the is the better choice. At the stations Ny Ålesund
and Angmagssalik (IL) the ECHAM3_MObasis of at least 21 daily values using the Historical

Arctic Radiosonde Archive data, HARA (1996). scheme clearly simulates the observations best.

At the stations Alert and Cambridge Bay (AO)In case of less values no monthly mean was
computed, which is the reason for missing data at larger differences occur, but ECHAM4 and

ECHAM3_RO give the best agreement. At thesome stations in Fig. 12. The model simulations

were interpolated on the coordinates of the station stations Norman Wells and Barrow (AH) the
differences are small and the temperature profilespoints. The model simulations are general in good

agreement with the radiosonde data. The devi- are simulated better by the ECHAM3_MO

scheme.ations range from −4.5°C to 3°C. At the stations
Chiersky and Bukhta Tiksi (SH) the ECHAM_RO Table 1 specifies the temperature differences

between radiosonde observations and simulationsand the ECHAM3_MO schemes produce the best

results. At the stations Norilsk and Obdorsk (RA), as altitude means between 1000 and 750 hPa for
January 1991 at 27 stations distributed over thethe profiles are quite similar and the differences

are small, nevertheless ECHAM3_RO shows the whole Arctic (Fig. 13). Irrespective of the PBL

parameterization scheme used, deviations from thebest agreement. Also at the stations Narjan Mar
and Sodankylä (EA) the ECHAM3_RO scheme radiosonde data are relatively moderate at most

Table 1. Monthly mean temperature diVerences ‘‘radiosonde observations minus simulations in °C’’, height
averaged over 750–1000 hPa, January 1991

Station name ECHAM3_MO ECHAM4 ECHAM3_RO

Cherskiy −0.96 −1.11 −0.99
Mys Shalaurova 1.51 0.25 0.84
Bukhta Tiksi 0.73 −0.82 −0.34
Olenek −0.70 −1.91 −1.90
Khatanga 1.15 −0.55 −0.82

Norilsk 0.96 0.64 0.35
Obdorsk 1.05 1.48 0.61
Narjan Mar 1.43 1.84 0.46
Ostrov Vize 3.01 3.12 1.55
Krenkelya 4.05 4.36 2.89

Sojna 1.61 1.08 0.70
Murmansk 0.91 0.74 0.75
Sodankylä −1.38 −1.70 −0.61
Barentsburg 2.65 4.83 4.14
Ny Ålesund 2.34 4.37 3.66

Danmarkshavn −0.98 1.29 1.43
Angmagssalik 0.69 1.39 1.36
Egedesminde −1.39 −0.81 −0.43
Alert −3.41 −1.84 −0.48
Hall Beach 1.24 1.45 1.94

Resolute Bay 0.01 0.07 1.23
Eureka −4.01 −2.55 −1.51
Mould Bay −0.21 −0.73 0.72
Cambridge Bay 0.68 0.58 1.38
Norman Wells 1.04 1.06 1.38

Inuvik 0.32 0.49 0.32
Barrow 0.19 0.31 0.91

mean over all stations 0.46 0.64 0.72
standard deviation 1.77 1.91 1.42
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Fig. 13. Geographical distribution of 27 Arctic radiosonde stations chosen for comparison of the results in Table 1.

stations. At the stations Barentsburg, Ny Ålesund, during winter, whereas the ECHAM3_MO version
describes better the convective PBL over stationsOstrov Vize, Krenkelya and Eureka the height

averaged deviations are in the range between influenced by transport of warmer air from the
ocean.−1.5°C and 4.8°C. The strong deviations between

these stations are mainly connected with the The scope of this paper was not to find the best

adapted parameterization, but instead to show theunrealistically prescribed constant model sea ice
thickness over the Arctic Ocean. At all other strong influence of fundamentally different para-

meterization concepts, currently used in climatestations the height averaged deviations are smaller

than 2°C. The mean height averaged deviation of models of the Arctic. Although it is difficult to
compare local station data against model profilesthe modeled temperatures from the radiosonde

data averaged over all stations are 0.46±1.77°C simulated with a horizontal resolution of 50 km

by 50 km over areas with pronounced orographyfor ECHAM3_MO, 0.64±1.91°C for ECHAM4
and 0.72±1.42°C for ECHAM3_RO. The error and land-sea contrasts which can exert strong

local effects on the vertical temperature profiles,in the radiosonde data itself is in the range of

0.2°C. The ECHAM3_RO scheme simulates the the results suggest that the Rossby number similar-
ity is more appropriate for use in Arctic climatesmallest and the ECHAM4 version the largest

standard deviation. models.

For stations mainly located over the Russian
and European Arctic, ECHAM3_RO delivers the

best agreement (Table 1). For the stations influ- 4. Summary
enced by the Atlantic Ocean the ECHAM3_MO
parameterization works better. The Rossby- A 1-dimensional column model with two differ-

ent PBL parameterization schemes was developednumber similarity scheme simulates more success-
fully the cold and stable PBL over land surfaces for monthly integrations in order to study the
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influence of different parameterization of turbulent climate are in qualitative agreement with those of
Giorigi et al. (1993). Their study elaborated overexchange processes on the simulated local vertical

structure of the atmosphere and the atmosphere– a European integration area, that changes in the

PBL and the radiative transfer schemes signific-surface energy exchange. The first scheme uses
the ECHAM3 boundary layer parameterization, antly affected the modelled temperature and

cloudiness.including the Monin–Obukhov similarity theory

in the surface layer and a mixing length approach The use of different PBL parameterizations for
climate model integrations leads to differentabove. The second scheme applies Rossby-number

similarity theory for the whole PBL, connecting energy fluxes from the surface into the atmosphere.

These differences are of the same order as thoseexternal parameters with turbulent fluxes and with
universal dimensionless functions on the basis of due to surface heat flux variations connected with

synoptic-scale changes. Therefore, changes in theArctic data. The heat and humidity advection is

approximated as residual term of the PBL balance Arctic PBL parameterization would result in
different baroclinic structures formation. Owingequation, where diabatic sources are determined

from the current model solution and local temper- to the high sensitivity of the Arctic climate struc-

tures to the applied PBL parameterization differ-ature and humidity changes are estimated from
radiosonde data. ent synoptic ensembles can be developed and the

climate model generates different Arctic circula-For January conditions, a significantly stronger

stable stratification connected with pronounced tion structures. Possible climatic changes in the
Arctic surface climate as expected by modelsnegative heat fluxes throughout the planetary

boundary layer has been obtained by applification would be accompanied by impacts on the cloud
cover and the inversion layer, which develops inof the Rossby-number similarity theory compared

to the results with Monin–Obukhov similarity the stable Arctic PBL. Viterbo et al. (1999) showed

that the ECMWF model had the tendency totheory and mixing length approach. In compar-
ison with the Rossby-number similarity, the produce a severe cold bias over continental areas

in winter. They showed that the stable boundaryMO-mixing length parameterization underesti-

mates stable conditions in the Arctic PBL. scheme alike our ECHAM3 Monin–Obukhov
similarity theory in the surface layer and a mixingIn order to investigate the influence of different

PBL parameterization schemes on large-scale length approach above has an inherent positive

feedback that amplifies a near-surface cold bias.atmospheric circulation structures monthly integ-
rations of the 3-dimensional regional climate ECHAM3 with Rossby-number similarity theory

seems to avoid such cold bias on the surface. Themodel HIRHAM over the Arctic with a horizontal

resolution of 0.5° have been carried out, using interactions between cold surfaces, frozen soil and
permafrost and the stable stratified atmosphericECHAM3 with Monin–Obukhov similarity

theory in the surface layer and a mixing length boundary layer remain poorly understood and

need further research.approach above, ECHAM3 with Rossby-number
similarity theory and ECHAM4 turbulent kinetic
energy closure. The results found in the

1-dimensional January simulations are compar- 5. Acknowledgements
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