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1 I NTRODUCTION
Modern-day weather forecasting is highly relying on Numerical Weather Prediction
(NWP). Since the beginning of NWP at the end of 1940’s (Charney and Eliassen, 1949),
NWP-applications have always been among the first to fully utilise the ever-increasing
computing power, by improving the model resolution and by removing various simplifying approximations from the mathematical set of equations. Present-day (2006)
operational NWP has reached a level, where the models covering the whole globe have
a horizontal resolution of about 20–40 km. On the other hand, Limited Area Models
(LAM) operate with grid-sizes of about 10 km. Lately, in all the LAM communities,
the trend has been to aim to scales of 1–4 km, the so-called meso-γ-scale after Orlanski (1975). Consequently, this again requires more computing power in order to fully
utilise the potential behind high-resolution NWP-methods.
What more can we achieve from the improved computing capabilities by increasing the model resolution towards the meso-γ-scale? Several studies (e.g., Mass et al.,
2002) have addressed this question and have come to the conclusion that a large positive
impact on precipitation and wind forecasts can be reached by decreasing the grid-size
from scales currently used in global NWP models to around 10 km. However, when
going from scales of about 10 km to km-scale, it is harder to extract any additional
value out from the NWP-systems. Statistical verification scores for heavy precipitation
and wind structures near meso-scale orographic features (i.e. coastlines, mountains and
valleys) are only marginally improved.
In a nutshell, the meso-γ-scale NWP-system should be able to help to predict
extreme weather like severe convective phenomena with strong precipitation fallout. In
principle, km-scale atmospheric models with highly sophisticated treatment of physical
processes are able to simulate, even forecast, such meso-scale structures (e.g., Weisman
et al. 1997; Mass et al. 2002; Tao et al. 2003). Therefore, the effort to develop a kmscale NWP-system with the additional computational cost is justified. We should not
underestimate the potential damages due to extreme weather. Even in high-latitude
regions like Finland (in between 60◦ N–70◦ N), severe mesoscale convective systems
with physical and economical losses are common during summertime (Punkka and
Bister, 2005).
However, models based on less approximated equations (e.g., nonhydrostatic,
compressible, fully elastic) with the sophisticated treatment of physical processes is
still computationally extremely expensive. How detailed systems do we really need
in order to predict extreme weather events? Weather services lacking high computing power would especially benefit if a computationally more efficient ’intermediate’
solutions could be found.
The objective of this thesis is to evaluate some physical parameterization methods used in high-resolution NWP-models. PAPER I covers the offline intercomparison
of different longwave radiative flux parameterizations in extreme winter conditions,
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whereas PAPER II concentrates on shortwave radiative flux parameterizations. PA PER IV studies convection and microphysics parameterizations in a 3-dimensional
high-resolution NWP-model environment. In PAPER III and PAPER V, issues related
to high-resolution marine wind prediction are considered. The aim in PAPERS III–V
is to evaluate the applicability of the existing model physics when model resolution
increases from about 10 km towards the km-scales.
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2 P RINCIPLES OF THE NUMERICAL WEATHER
PREDICTION
The actual NWP-system contains two main components: the atmospheric model and
the data assimilation system. The model itself can be divided into two parts: the model
dynamics and physical parameterizations. The following sections give a brief introduction to all of these components following the notation used in the books of Pielke
(2002) and Holton (1992). Furthermore, the physical parameterization schemes more
relevant to this thesis are described in a more detailed manner in Sections 3.1 and 3.2.

2.1

M ODEL DYNAMICS

The core of the model dynamics is the set of hydrodynamic equations, which govern the
state of the atmosphere. Any atmospheric model requires the following conservation
equations (see e.g. Pielke, 2002)
∂ρ
= −(∇ · ρV̄)
∂t

(2.1)

∂ V̄
= −V̄ · ∇V̄ − ρ−1 ∇p + ḡ − 2Ω̄ × V̄ + F̄r
∂t

(2.2)

∂θ
= −V̄ · ∇θ + Sθ
∂t

(2.3)

∂qn
= −V̄ · ∇qn + Sqn
∂t

(2.4)

and
∂χm
= −V̄ · ∇χm + Sχm
(2.5)
∂t
Eqs. (2.1)–(2.5) represent the conservation equations of mass, motion, heat, water
(in solid, liquid and vapour forms) and any other gaseous (chemical) species in the
atmosphere, respectively. In the above equations V̄ = uī + v j̄ + wk̄ represents the 3dimensional wind vector, ρ is the air density, p is the pressure, ḡ = −g k̄ is the gravity
vector, Ω̄ is the angular velocity of the earth, F̄r is the friction force by the molecular
process, θ is the potential temperature, qn is the mass ratio between water (either solid,
liquid or vapour) and air in the same volume, χm is the mass ratio between any chemical
species and air in the same volume and t is the time. Finally, all the S-terms refer to
sources and sinks of heat, water and chemical species.
The full set presented above contains several small terms, which are unimportant
for NWP purposes. In current NWP applications the chemistry (Eq. 2.5) is almost completely excluded due to its small impact on large scale flow. The representation of the
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source and sink term Sχm can be complex and, therefore, computationally expensive.
The molecular processes (in Eq. 2.2) are also negligible on the resolvable scale.
Equation (2.1) states that the atmosphere is compressible and, therefore, the air
-term is condensity is a prognostic variable. Traditionally, in NWP-applications the ∂ρ
∂t
sidered to be so small that it can be neglected. Furthermore, Eq. (2.1) can be simplified
by making either the anelastic approximation, whereby the density of the basic state is
assumed to be horizontally homogenous, or even the more restrictive incompressibility
approximation, with the assumption of constant basic state density. Another common
simplification is the hydrostatic approximation in Eq. (2.2). In that case, the vertical
acceleration term ( ∂w
) is neglected. Consequently, the gravitational acceleration and
∂t
the vertical pressure gradient force balance each other. This assumption is valid when
the horizontal extent of the circulation is larger than its vertical counterpart.
Numerical methods are utilised to solve the above set of coupled partial differential
equations. However, these conservation equations must be averaged over finite spatial
and temporal scales due to limited computing power. Therefore, all the dependent
variables (marked as φ) are divided as follows (Pielke, 2002):

φ=φ+φ

0

where φ is a dependent variable averaged over a finite space (with grid lengths ∆x, ∆y,
0
∆z) and time ∆t, while φ represents the sub-grid variations around the averaged state.
This averaging is applied to all variables in Eqs. (2.1)–(2.5). As a result, the averaged
equations contain averaged terms (e.g., ∂u
, −ρ−1 ∇p), which can be resolved explicitly
∂t
by the model dynamics. The size of the averaging volume determines the model resolution: the smaller the averaged space the higher the model resolution. Furthermore,
the price of the averaging procedure is the appearance of sub-grid-scale correlation
terms (e.g., w 0 θ0 , u0 w0 ) in the averaged equations. These terms represent the net effect
of small scale atmospheric phenomena onto the resolved scale state. However, subgrid-scale correlation terms cannot be resolved explicitly but their net effect has to be
estimated utilising physical parameterization methods.

2.2

P HYSICAL PARAMETERIZATIONS

The fundamental idea behind the physical parameterization procedure is to estimate
the sub-grid-scale terms (e.g., Sθ , Sqn , w0 θ0 ) by using the averaged prognostic variables
(e.g., u, v, θ). The complexity of the parameterization problem is mainly determined by
model resolution. Some processes, like radiation, cloud microphysics and interactions
between the atmosphere and the surface, are always needed in atmospheric models.
They contribute to the averaged state through the source terms Sθ and Sqn . However,
it is still feasible to introduce some simplifications. For example, most of the current
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NWP-models exclude the prognostic treatment of falling precipitation, some even exclude cloud water and ice (in Eq. 2.4 and S-terms). With the horizontal grid-scales
(about 10 km or more) used by current NWP-models, the sub-grid correlation terms
mainly represent the vertical fluxes of momentum, heat and moisture due to small turbulent eddies and larger convective secondary circulations. However, when approaching the km-scales, circulation patterns related to organised deep convection begin to
be resolved by the averaged equations (Weisman et al., 1997). Consequently, the deep
convection parameterization becomes unnecessary.

2.3

DATA ASSIMILATION

In principle, the model described in Sections 2.1 and 2.2 is able to simulate all the
meteorologically important flow structures. This itself is not enough for producing a
good forecast. The model integration is also critically dependent on the initial conditions. The procedure that links the initial state of the atmospheric model to reality is
called data assimilation. State-of-the-art data assimilation systems are based on the 3-

F IGURE 2.1. Data assimilation cycle. The black boxes represent the traditional data assimilation cycle. The blue boxes illustrate two alternative ways how to embed a km-scale
model (downscaling method on the top and the data fusion technique at the bottom)
inside a host model (the one with the full cycle). Dotted boxes represent the analysis
phase, whereas solid boxes are the forecasts.
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or 4-dimensional variational methods. The aim is to derive a model state (called an
analysis), in which the differences with respect to observations and to a background
state (usually a short-term forecast) are simultaneously minimised. Figure 2.1 shows
a schematic graph of how the data assimilation cycle is traditionally organised. It also
shows two common ways how to bring high-resolution information into a coarser resolution host model. The first method is the pure downscaling, where the analysis of the
host model is interpolated to the high-resolution grid and used as it is. This approach
allows the model to create itself a fine structure after some spin-up period. On the contrary, in the data fusion technique the high-resolution analysis is performed by using
simple statistical methods on top of the coarser resolution background state (e.g., Albers et al., 1996). This method aims to reduce the spin-up time at the beginning of the
model integration. The main difference between the data fusion and the traditional data
assimilation is the role of observations. In the traditional way, observations ’correct’
the large-scale structures and the fine-scale is taken from the background state. By contrast, in the data fusion method, the fine-scale structures are expected to be extracted
from the observations. Therefore, the data fusion method highly relies on the existence
of high-resolution observations, and especially on remote sensing data, i.e., satellites
and radars.
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3 P HYSICAL PARAMETERIZATIONS APPLIED IN
NUMERICAL MODELS
In this thesis, the main tool for studying the effect of parameterization will be the High
Resolution Limited Area Model (HIRLAM; Undén et al., 2002). HIRLAM is a complete NWP system including a hydrostatic primitive equation model with an extensive
set of physical parameterizations and 3D variational data assimilation (3D-Var) system.
In addition, a research version of the anelastic pressure-coordinate-based nonhydrostatic dynamics has been developed by Rõõm (2001) and Männik and Rõõm (2001).
HIRLAM contains physical parameterization schemes for turbulence, convection and
condensation, radiation and surface processes. The current turbulence scheme is based
on the prognostic turbulent kinetic energy (TKE) and a diagnostic length scale l. This
TKE-l scheme is adapted from the planetary boundary layer model of Cuxart et al.
(2000). Soil and surface processes are modeled using the Interaction-Soil-BiosphereAtmosphere (ISBA) scheme (Noilhan and Planton, 1989). In the current implementation, three land-surface types and two soil layers are available. Soil temperature and
water content are simulated with the predictive force-restore methods. The fast radiation code is based on the work of Savijärvi (1990). Both the convective and stratiform
condensation, clouds and precipitation are parameterized by the Soft TRansition COndensation (STRACO) scheme (Sass, 2002).
The main issues of this thesis are related to the parameterizations of radiation and
convection-condensation. These processes are described in more details in sections 3.1
and 3.2, respectively.

3.1

R ADIATIVE FLUX PARAMETERIZATION

The purpose of the radiation parameterization in an atmospheric model is to provide
the surface radiative net fluxes and the atmospheric temperature tendencies at each
grid point due to longwave (thermal LW, 4.0 µm–100 µm) and shortwave (solar SW,
0.3 µm–4.0 µm) radiation. This thesis concentrates on the surface fluxes, which can
be observed and used for the validation of parameterization methods (PAPER I and
PAPER II).
Downwelling LW and SW radiation fluxes are key terms of the surface energy
budget in NWP-models and vitally important for many applications such as climate
studies, agricultural meteorology (e.g., prediction of frost) and air-sea-ice interaction
studies. Simplified equations for the longwave and shortwave downwelling fluxes at
the surface can be described as
↓
= εσT04
FLW

and

(3.1)
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↓
= τ S cos Θ = τ ψSTOA cos Θ
FSW

(3.2)

In Eqs. (3.1)–(3.2), ε is the atmospheric emissivity, σ is the Stefan-Bolzmann constant,
T0 is the screen-level temperature, S = ψSTOA is the incident solar radiation at the top
of the atmosphere on a surface perpendicular to the solar beam (STOA = 1367 Wm−2 is
the solar constant and ψ accounts for the seasonal variations of the Earth-Sun distance),
Θ is the solar zenith angle, and τ is a broadband atmospheric transmissivity.
In the LW part of the spectrum, the broadband atmospheric emissivity ε depends
both on the vertical temperature profile and on the vertical distribution of radiatively
active constituents; H2 O, CO2 and clouds being the major contributors, O3 , CH4 , N2 O
and the CFCs having a smaller role. In the case of SW-radiation, the solar elevation has
a very strong effect on the downwelling flux at the surface. Factors contributing to atmospheric attenuation of solar radiation include gaseous absorption (most importantly,
by H2 O and O3 ), Rayleigh scattering by air molecules, and scattering and absorption
by cloud droplets, ice crystals and aerosols.
Due to the nature of ε (see PAPER I), the near-surface temperature and humidity
↓
. In addition, τ is strongly deprofiles are of primary importance in determining FLW
pendent on Θ (see PAPER II). For those reasons, it is tempting to try to approximate
the clear-sky fluxes by only using the screen-level variables. In that case, the parameterization problem reduces formally to the representation of ε and τ as a function of
screen-level vapour pressure e0 and temperature T0 . Many such simple empirical methods have been proposed since Ångström (1918).
This thesis includes intercomparisons of both simple methods and more complex radiation parameterization schemes used in NWP-models: the scheme used earlier at ECMWF (European Centre for Medium-Range Weather Forecast) (Morcrette,
1991, hereafter EC-OLD), the DWD (Deutscher Wetterdienst; Ritter and Geleyn, 1992)
scheme and the HIRLAM (Savijärvi, 1990) scheme. LW calculations are also performed with the RRTM (Rapid Radiative Transfer Model; Mlawer et al., 1997) scheme,
which is currently in use at ECMWF. The comparison concentrates mainly on clear-sky
0
0
0
0
conditions at the Jokioinen (60◦ 49 N, 23◦ 30 E) and Sodankylä (67◦ 22 N, 26◦ 39 E)
observatories in Finland. However, the effects of clouds on surface fluxes are studied by using the simple ’correction schemes’. Hence, the clear-sky flux is multiplied
by a cloud correction factor, which depends on the total cloudiness (see PAPER I and
PAPER II).

3.2

C ONVECTION AND CONDENSATION PARAMETERIZATION

The current convection and condensation parameterization of HIRLAM (STRACOscheme) parameterizes both convective and stratiform condensation, clouds and precipitation processes. It also allows a gradual transition between both modes. The actual
transition is handled by relaxing the fractional cloud cover towards an equilibrium, in
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F IGURE 3.1. Entrainment  profiles with variable grid sizes (2.8, 5.6 and 11 km) as described
−1 is
in PAPER IV by Eqs. (5)–(6). A fixed vertical wind shear of | ∂V
∂z | = 0.005 s
assumed. The lowest 1000 m is assumed to be dry adiabatic, whereas above the
∂θ
potential temperature profile is | ∂z
| = 0.004 Km−1

which the cloud may be either in the convective or stratiform mode. STRACO was originally developed for the meso-β scales. However, an improved applicability for meso-γ
scales is sought by introducing simple grid-size-dependent functions in the convective
part of the scheme.
The STRACO scheme acts on the temperature T , specific humidity q and combined cloud water and ice content qc (PAPER IV Eqs. 7–9). It also uses the horizontal
wind components u and v and the surface pressure ps . The scheme follows closely the
work of Sundqvist et al. (1989) and Sundqvist (1993). The convective part is based on
a moisture accession closure, as does the well-known Kuo (1974) scheme. However,
the STRACO scheme differs considerably from the original Kuo scheme. The present
version of the cumulus parameterization does not directly produce any precipitation.
Moreover, the scheme increases qc , which is a grid-scale prognostic variable.
The precipitation release depends diagnostically on qc and is based on the formu-
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lation of Sundqvist et al. (1989)
Gp = Φ(ω∗ )qc



qc
1 − exp(−
)
bµ(ω∗ , B)



(3.3)

In Eq. (3.3), Φ(ω∗ )−1 is a characteristic time for the conversion of cloud drops to
rain drops, which depends on the model-resolved vertical velocity ω∗ . The quantity
µ(ω∗ , B) is the threshold value for cloud water, which depends on both vertical velocity and buoyancy B. Finally, b is the fractional cloud cover.
This thesis will address the grid-size-dependency of the present convection-condensation scheme. This grid-size-dependency is introduced in two components of the
parameterization scheme: in the triggering phase and in the moistening parameter (PA PER IV Eqs. 15 and 16). The purpose of the moistening parameter is to define how
much of the additional large-scale moisture input is consumed in the convective cloud
condensation (and heating) process. Consequently, this also affects the formation of
precipitation.
The triggering mechanism for convection defines the convective air columns by
lifting the air layers. In HIRLAM, a convectively active air column is generated if the
lifted air layer experiences positive buoyancy. This lifting method depends on the horizontal grid size in two ways. At first, resolution-dependent perturbation temperature
and specific humidity are used at the beginning of the lifting process in order to simulate
the energy source, which is needed to overcome the convective inhibition (PAPER IV,
Eqs. 1–2). In this case, lifted air parcel reaches the level of free convection easier as
grid size increases.
Secondly, the cloudy air is mixed with cooler ambient air during the air parcel ascent by using a grid-size-dependent entrainment profile (Fig. 3.1). This profile follows
the work of Cohen (2000), which suggested that maximum entrainment is obtained near
the cloud base. Figure 3.1 displays that lateral mixing will restrict the formation of convective entities by decreasing the buoyancy as the grid size reduces. Consequently, the
convection parameterization is gradually switched off by restricting the depth of the
convective cloud (see Eqs. 7–9 and 14 in PAPER IV).
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4 M AIN RESULTS
In the following sections, the main results of the papers included in this thesis are
discussed. Sections 4.1 and 4.2 cover PAPERS I and II, respectively. Section 4.3 concentrates on PAPER IV, whereas PAPERS III and V are reviewed in Section 4.4.

4.1

L ONGWAVE RADIATION

The first finding in PAPER I is that all the included radiative flux schemes underesti↓
mate the clear-sky downwelling LW flux FLW,clr
at the surface (Table 4.1). This feature
is more prominent in the empirical schemes and especially during wintertime. In general, the underestimation is smaller in the more detailed NWP-schemes. Naturally, the
explanation is that NWP-schemes receive the temperature and moisture profiles as input, and, therefore the wintertime inversion is taken into account more properly. On the
contrary, for empirical schemes such conditions remain out of reach.
↓
The observed effective emissivity εeff = FLW,clr
/σT04 of the clear atmosphere is
shown in Fig. 4.1 as a function of screen-level water vapour pressure e0 . The lowest
values of εeff are obtained when the the vapour pressure is about 2 hPa. The higher values of εeff in dry (and very cold) screen-level conditions are explained by the prevailing
strong inversions. These data suggest that a new empirical LW parameterization of the

Table 4.1 Results of the LW comparison in cloudless situations. The average measured LW
flux values were 262 Wm−2 for summer 1997, 191 Wm−2 for winter 1997 and 162
Wm−2 for winter 1999.

Schemes

Summer 1997
Bias
SD
RMS

Bias

Winter 1997
SD
RMS

Bias

Winter 1999
SD
RMS

Ångström (1918)

-0.1

8.7

8.7

-18.2

16.0

24.3

-32.0

9.2

33.3

Brunt (1932)

-24.9

8.5

26.3

-40.5

14.4

42.9

-51.9

8.3

52.5

Swinbank (1963)

-16.8

8.9

19.0

-34.8

19.1

39.7

-52.9

12.1

54.3

Brutsaert (1975)

65.9

-11.1

9.1

14.3

-42.6

20.7

47.4

-64.3

14.2

Idso (1981)

9.2

8.5

12.6

-8.3

15.6

17.7

-22.7

9.1

24.5

Prata (1996)

-5.0

8.4

9.8

-17.5

14.6

22.8

-30.1

8.2

31.2

Dilley and O’Brien (1998)

-7.1

8.7

11.2

-19.4

13.7

23.8

-30.1

8.3

31.2

EC-OLD

-5.3

5.5

7.7

-22.9

8.3

24.3

-21.7

7.9

23.1

DWD

-14.8

5.0

15.6

-27.6

7.8

28.7

-26.9

7.8

28.0

HIRLAM

-7.0

5.7

9.0

-24.6

8.3

26.0

-24.3

8.0

25.6

RRTM

-1.5

5.1

5.3

-15.4

8.2

17.4

-14.3

8.4

16.6

Bias (Wm−2 ) = parameterized−measured.
SD (Wm−2 ) = standard deviation.
RMS (Wm−2 ) = root-mean-square difference.
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Effective emissivity εeff
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6
8
Vapour pressure e0 (hPa)
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12

↓
F IGURE 4.1. The ‘observed’ clear-sky effective emissivity (εeff = FLW,clr
/σT04 ) of the atmosphere in Sodankylä as a function of water vapour pressure (Fig. 3b in PAPER I).

form:
↓
FLW,clr

=

(

(0.72 + 0.009[e0 − 2])σT04

if e0 ≥ 2,

2])σT04

if e0 < 2

(0.72 − 0.076[e0 −

(4.1)

could be employed. Results from applying Eq. (4.1) to Sodankylä data are better than
for any other scheme, which uses screen-level input values only. The improvement is
significant especially in cold and dry conditions. The bias and standard deviation in
summer 1997, winter 1997 and winter 1999 are (−0.4/8.3), (−0.2/9.5) and (−3.2/7.1)
[Wm−2 ], respectively (cf. Table 4.1). Naturally, the performance is expected to be
worse in climatic conditions significantly different from Sodankylä. However, it is
believed that the general behavior seen in Fig. 4.1 is typical for all high-latitude continental stations, where surface inversions are common in clear-sky winter conditions
(see e.g. Dutton, 1993; Walden et al., 1998).
The performance of the ’cloud correction’ methods is studied by using the existing simple schemes of Jacobs (1978) and Maykut and Church (1973) for summertime
conditions. In addition, we developed an alternative new all-sky flux parameterization
using radiation and SYNOP-data from Sodankylä, summer 1997. The new scheme is
based on the net all-sky flux scheme of Budyko (1974) and has the form
↓
FLW,all

=( 1+[

↑
FLW,s
↓
FLW,clr

↓
− 1] · 0.87c3.49 ) FLW,clr

(4.2)
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Correction coefficient (F↓LW,all / F↓LW,clr)

1.35

"Measured"
Maykut and Church
Jacobs
Eq. (4.2), maximum correction
Eq. (4.2), minimum correction

1.3
1.25
1.2
1.15
1.1
1.05
1
0.95
0.9

0

0.2

0.4

0.6

0.8

1

Total cloudiness
↓
↓
F IGURE 4.2. Longwave cloud correction coefficient (FLW,all
/FLW,clr
) as a function of total
↓
cloudiness (Fig. 5 in PAPER I). The dots represent the measured FLW,all
divided by
↓
the calculated clear-sky flux FLW,clr
(Eq. 4.1). The lines show the different all-sky
schemes. The maximum and minimum correction lines are both related to the new
scheme (Eq. 4.2). They correspond to the largest (1.356) and smallest (1.152) value
↓
↑
in the present data set (Sodankylä, summer 1997).
/FLW,clr
of the ratio FLW,s

↑
where c is total cloudiness (in tenths). FLW,s
is the LW radiation flux emitted by the
surface, and it can be calculated using the Stefan–Boltzmann law σTs4 if the surface
temperature Ts is known.

The use of simple ’cloud correction’ schemes for calculating the downwelling
LW flux in cloudy conditions provides useful results for many applications. The new
scheme (Eq. 4.2) gives the best results in all respects (cf. PAPER I, Table 2). Figure 4.2
shows the comparison of the cloud corrections together with observations as a function
of total cloudiness. Here, the different nature of the schemes unfolds: Jacobs’s (1978)
linear scheme clearly overestimates the all-sky fluxes, whereas the scheme of Maykut
and Church (1973) captures the curvy shape of the observations. Moreover, the new
scheme brings some flexibility in the curvy shape and, consequently, more accurate
results. The flexibility of Eq. (4.2) originates from the ratio

↑
FLW,s
↓
FLW,clr

, which indirectly (via

Ts ) takes into account the different effect of strongly emitting low clouds (large ratio)
and weakly emitting high clouds (small ratio).
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4.2

S HORTWAVE RADIATION

In the case of clear-sky SW radiation, the empirical scheme of Iqbal (1983) outperforms
even the NWP-schemes, especially with Jokioinen data (Table 4.2). The results from
Iqbal’s scheme are considerably better than those from the other schemes, which only
use screen-level variables. It should be borne in mind that the Iqbal’s scheme used here
is tuned to conditions prevailing in Jokioinen. Although the tuning improves the results,
it does not play the decisive role. Standard deviation in the results of the HIRLAM
and DWD schemes is similar, whereas results with the EC-OLD scheme contain more
scatter. Furthermore, the HIRLAM scheme seems to be more ’transparent’ for clearsky SW radiation compared to other NWP-schemes. This behaviour could be due to
the simpler formulation of the HIRLAM-scheme, in which the SW part of the spectrum
is treated using a single broadband interval. On the contrary, in the EC-OLD and DWD
schemes, the SW spectrum is divided into two and three intervals, respectively.
The accuracy of the SW ’cloud correction’ schemes is generally poor (PAPER II,
Table 2). Figure 4.3 shows both the ’observed’ and parameterized SW cloud correction coefficients. As for the LW radiation, the linear dependence of Berliand (1960)
does not represent the observed structure. However, the curved shape of the Laevastu’s
(1960) scheme follows the measured trend. A major problem with the cloud corrections is the uncertainty in cloud optical properties, the optical thickness being the most
important one. Therefore, an alternative new parameterization (hereafter ’low cloud

Table 4.2 Results of the SW comparison in cloudless situations. The average measured SW
flux values were 378 Wm−2 for Jokioinen and 356 Wm−2 for Sodankylä.

Schemes

Jokioinen 1997
Bias
SD RMS

Sodankylä 1997
Bias
SD RMS

Paltridge and Platt (1976)

-16.1

29.7

33.8

-41.1

21.5

46.4

Moritz (1978)

-13.8

42.7

44.8

-38.1

30.3

48.7

Bennett (1982)

-5.2

20.7

21.3

-26.2

26.1

37.0

Zillman (1972)

11.7

37.0

38.8

-15.4

27.5

31.5

Shine (1984)

15.7

23.4

28.2

-10.5

17.8

20.7

Iqbal (1983)

-1.1

12.4

12.4

-19.9

8.3

21.5

EC-OLD

5.9

19.7

20.6

-16.3

14.1

21.5

DWD

2.9

13.7

14.0

-17.2

8.0

19.0

HIRLAM

13.6

13.1

18.9

-6.0

9.9

11.5

Bias (Wm−2 ) = parameterized−measured.
SD (Wm−2 ) = standard deviation.
RMS (Wm−2 ) = root-mean-square difference.
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Correction coefficient (F↓SW,all / F↓SW,clr)

1.6
1.4
1.2
1
0.8
0.6
"Measured"
Laevastu
Berliand
Low clouds
Other clouds

0.4
0.2
0

0

0.2

0.4

0.6

0.8

1

Total cloudiness
↓
↓
F IGURE 4.3. Shortwave cloud correction coefficient (FSW,all
/FSW,clr
) as a function of total
↓
cloudiness. The dots represent the measured FSW,all
divided by the calculated clear↓
sky flux FSW,clr
(Iqbal, 1983). The lines are for the referred all-sky schemes. The
lines ’low clouds’ and ’other clouds’ are both related to the ’low cloud scheme’: the
former gives the correction in cases in which the whole visible cloud cover consists
of low clouds, while the latter represents cases with middle and/or high clouds only
(Fig. 4 in PAPER II).

scheme’) is derived using radiation and cloudiness data from Jokioinen, Finland, 1997,
where the amounts of low, middle and high clouds are available separately (from synop
observations).
↓
FSW,all
= (1 − c

[4.7−2.24·

clow
]
c+10−3

↓
4.7
+ 0.31c2.46
low + 0.73coth )FSW,clr

(4.3)

where c is total cloudiness, clow is the amount of low clouds and coth (= c − clow ) is the
amount of ’other clouds’. The low cloud scheme accounts implicitly for the fact that
low clouds tend to be optically thicker than higher clouds. Overall, the best results are
obtained with the new scheme, although the improvement is only marginal (PAPER II,
Table 2).

4.3

C ONVECTION AND PRECIPITATION

The performance of the HIRLAM convection and condensation scheme is evaluated
for three horizontal grid-sizes: 11, 5.6 and 2.8 km. The main emphasis is to assess the
importance of the grid-size-dependent features of the current scheme. Model results are
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Table 4.3 Summary of the experiment runs.

Name

Dynamics

HH-1
NHH-1
NHH-2
NHH-3

Hydrostatic
Nonhydrostatic
Nonhydrostatic
Nonhydrostatic

∗

GSD∗ in the convection scheme
Triggering Moistening parameter
yes
yes
yes
no

yes
yes
no
no

GSD = grid-size dependency

compared to observed radar reflectivity data utilising a Radar Simulation Model (PA PER IV, Section 2c), which calculates radar reflectivities from the three-dimensional
model output.
Table 4.3 summarises 4 basic experiments, which were conducted with variable
model configurations. The comparison between NHH-1 and NHH-2 focuses on the
choice of the moistening parameter (see explanation in Section 3.2). The issue of the
grid-size-dependent triggering procedure was studied by comparing NHH-2 and NHH3. The differences in the performance of hydrostatic and nonhydrostatic models can be
studied by comparing the experiments HH-1 and NHH-1.
Figure 4.4 shows the radar reflectivity (proportional to rain intensity) frequency
distributions produced by different model configurations. All configurations tend to
overestimate the areas of both very strong (>32 dBZ) and very weak (<8 dBZ) reflectivity. Although the overestimation of weak echoes is in most of the cases noticeable,
the focus should be on the strong echoes, because of their larger practical importance.
The best reflectivity distribution is obtained with a fully grid-size dependent convection scheme (NHH-1) and with a 5.6 km grid-spacing. None of the convection
schemes employed with a 2.8 km grid spacing were able to produce satisfactory results. In that case, the current configuration of convection parameterization combined
with diagnostic precipitation parameterization seems to overestimate the amount of
very strong reflectivities. Diagnostic representation of precipitation processes cannot
explicitly account for the drag effect caused by the weight of falling precipitation. The
drag effect can be an important factor, which suppresses the upward vertical motions
in a numerical model (e.g., Kato and Saito, 1995) and, concequently, leads to smaller
precipitation amount. Although this effect is crudely parameterized in Eq (3.3) using a
model-resolved vertical velocity, it seems, however, to be too ineffective.
Figure 4.5 presents 12-hour accumulated areal precipitation as a function of grid
size. Figs. 4.5 b and c show how the total precipitation is composed of a stratiform and
convective part. NHH-1 produces average precipitation amount that are close to the
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F IGURE 4.4. Frequency distributions of radar reflectivity [dBZ] produced by 21 hour simulations starting at 00 UTC 25 May 2001. In (a), (c) and (e) the distributions are from
NHH-1 and HH-1. In (b), (d) and (f) the distributions are from NHH-2 and NHH-3.
Black bars represent dBZ-observations. Rows from top to bottom present horizontal
grid spacings of 11, 5.6 and 2.8 km, respectively. The radar antenna elevation is
0.4◦ . In this case reflectivity values below 0 dBZ are not meteorologically important
and are therefore omitted (Figs. 2 and 3 in PAPER IV).
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F IGURE 4.5. Areally-averaged 12-hour accumulated precipitation as a function of the grid
spacing. (a) Total precipitation, (b) grid-scale precipitation and (c) convective precipitation. Areal averages are defined over the area shown in PAPER IV, Fig. 1.
The solid horizontal line in graph (a) represents an areally-averaged radar retrieval
of accumulated precipitation provided by the Baltex Radar Data Centre (Fig. 5 in
PAPER IV).

observed value provided by the Baltex Radar Data Centre (Koistinen and Michelson,
2002). The schemes using non-grid-size-dependent moistening parameter (Eq. 15 in
PAPER IV) overestimate the areal precipitation at all grid spacings. This moistening
parameter depends on vertically averaged relative humidity within the convective entity.
In moist conditions, as presented here, the majority of additional moisture source is
consumed by the convective heating and condensation processes. Concequently, an
increased amount of cloud condensate leads to enhanced precipitation release.
The grid-size-dependent triggering mechanism for convection (difference between
NHH-2 and NHH-3) decreases the overestimation of the areal averaged precipitation
(NHH-2, in Fig. 4.5) by reducing the frequency of moderate radar reflectivies (Figs. 4.4 b,
d and f). However, the grid-size-dependency does not compensate the overall overestimation of the strong reflectivities. One hypothesis to explain such a behaviour is a
feedback mechanism related to the accumulation of instability. The triggering of the
convection scheme becomes more ineffective due to increased model resolution. Consequently, convective instability is able to slowly build up in the model. This leads
to stronger resolved-scale updraft and low level convergence. The convergence drives
moisture into the area of convectively unstable air. Eventually, when the convection
scheme is activated, it has now more moisture to be consumed in heating and conden-
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sation processes. Furthermore, this again leads to more intense rainfall. However, this
hypothesis has not been confirmed in this study.
In this case, the model with the nonhydrostatic dynamics (NHH-1) outperforms
the one with the hydrostatic approximation (HH-1) at the 5.6 and 2.8 km grid sizes
(Figs. 4.4 a, c and e). With an 11 km grid spacing, the behaviour of both models is very
similar. The hydrostatic model tends to create too strong reflectivities at the expense of
weaker ones when operating with a dense grid.

4.4

W IND

PAPER III explores the reasons for the formation of relatively strong coastal afternoon
surface winds along the Gulf of Finland under typical summertime conditions. Based
on the experience of forecasters, the near surface winds tend to be relatively strong,
even supergeostrophic, when the wind direction is along the coast. It is also noticed
that such a behaviour is not captured by the large-scale NWP-models.
According to the idealised two-dimensional meso-scale model of the University of
Helsinki, the reason for the strong coastal winds is the inertial oscillation mechanism,
when the large-scale flow is from the south-east or from the west. In that case, the
location and geometry of the Gulf is favorable for an inertial oscillation yielding a low

F IGURE 4.6. HIRLAM +12 h wind forecast valid on 29 August 1997, 12 UTC. (a) Wind vectors and wind velocity (m s−1 ) at the lowest model level (about 30 m). (b) Cross
sections (Finland on the left and Estonia on the right, along the line in a) of the
HIRLAM potential temperature (lines, ◦ C) and wind component parallel with the
coastline (colors, m s−1 ). The negative values are towards the viewer and only the
values |v| > 9 m s−1 are shown for clarity (Figs. 8 and 9 in PAPER III).
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level jet (LLJ) near the Finnish coast due to reduced turbulent friction over the sea. This
feature is further enhanced by the sea-breeze circulation (PAPER III, Fig. 3 and 4). A
high model resolution is needed to catch these phenomena.
A case-study is conducted for 29 August 1997, where the three-dimensional hydrostatic HIRLAM model with a 7.7 km grid size is employed. The aim of the test is
to study whether the findings from the 2D-model are valid also in the 3D-environment.
The selected case closely corresponds to the idealised 2D-experiments; geostrophic
wind (about 10 ms−1 ) blowing roughly from the south-east and a cloudless sky.
Figure 4.6a shows the wind speed and direction at the lowest model level after
12 h model integration. Figure 4.6b illustrates the corresponding cross-section of the
potential temperature and wind speed parallel to the coastline. The wind speed in HIRLAM is very close to the observed values (PAPER III, Fig. 7). Moreover, with this
7.7 km grid size, HIRLAM is able to form a LLJ next to the Finnish coast similarly
to the 2D-experiments. A sea breeze circulation is also resolved by HIRLAM in this
clear-sky case.
PAPER V presents wind verifications based on forecasts of two operational HIRLAM models and high-resolution experiments (with HIRLAM and MM5). In the HIRLAM experiments, the improved model resolution alone, without touching the physical
parameterizations, does not necessary improve the wind forecasts. Other factors, e.g.,
turbulence parameterization and the quality of the host model, are also important to the
high-resolution modeling of the wind speed and direction.
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5 D ISCUSSION
All LAM communities are aiming to increase the resolution of operational NWP systems towards scales of 1–4 km. However, there are still practical and scientific questions concerning the configuration of NWP-models operating with such a high resolution. To what extent the current model physics is applicable when approaching kmscales? What is required from the model physics at meso-γ scales? When does the
hydrostatic assumption lose its validity? The aim of this study is to gain knowledge on
high resolution NWP and partly clarify these issues.
The validity of the hydrostatic assumption depends on the studied case. The hydrostatic model dynamics is applicable with a km-scale grid size when modelling atmospheric phenomena, which are vertically shallow compared to their horizontal extent, like the LLJ presented in PAPER III. On the other hand, flow structures related
to strong vertical accelerations (e.g., moist convection and orographically forced updrafts) are nonhydrostatic by nature. PAPER IV shows that in a single moist convective
case the nonhydrostatic dynamics of the HIRLAM-model was beneficial compared to
hydrostatic dynamics when a grid size was reduced below 5.6 km. Therefore, it is recommended that nonhydrostatic model dynamics should be used in NWP applications
with a grid size smaller than 5 km in so far as it is computationally feasible.
One of the challenging issue facing km-scale NWP modelling is the representation of convection. When convective flow structures become resolvable? Weisman
et al. (1997) showed that flow structures related to an organised deep convection could
be resolved explicitly (without convection parameterization) using a km-scale model.
However, Bryan et al. (2003) argued that a model resolution of about 1–4 km is not
enough for capturing in-cloud flow structures, although the general structure of the cumulonimbus cloud may be well represented. If no convection parameterization is used,
models may end up to a situation, where the convective updrafts are forced to develop
within too large grid volume. This will lead to slowly evolving and overshooting precipitation events. For this reason, it may turn out that some parameterization is still
needed (especially for shallow convection) with km-scale model resolutions. One simple solution could be a grid-size-dependent deep convection parameterization scheme,
in which the efficiency of the scheme is reduced with increasing model resolution. PA PER IV showed that the convection scheme of the HIRLAM-model has a potential to
be assigned for such a task. However, instead of using deep convection parameterization a more sophisticated approach could be an integrated scheme for boundary layer
turbulence and clouds.
While the resolution of NWP models is approaching scales where it is possible
to explicitly resolve organised convective systems, at the same time the cloud microphysics parameterization will have a more significant role. It is important to properly
take into account the detailed representation of the different water phases and their
effect on meso-scale flow patterns. This requires the prognostic treatment of cloud wa-

31

ter, cloud ice, rain, snow, graupel and even hail (e.g., Tao et al., 2003). It should be
emphasised that the microphysical parameterization of the HIRLAM-model (presented
in PAPER IV) does not fulfil these requirements (prognostic treatment only for cloud
condensate).
What is the role of the radiation parameterization in a high resolution NWPsystem? As the microphysical parameterization becomes all the more detailed, the requirements for the radiation parameterization become more demanding. The radiation
scheme should be able to take into account the detailed representation of the different
prognostic hydrometeors. In some cases, radiation processes may even be important
for short-term cloud formation/dissipation at the meso-scale. One practical problem is
that with current computing facilities, running a highly detailed radiation scheme (like
RRTM presented in PAPER I) is computationally expensive. Therefore, in some kmscale NWP applications, the radiation scheme is activated, e.g., only every 15 minutes.
Since the life cycle of a convective cloud is about 30–40 minutes (e.g, Emanuel, 1994),
the use of coarse update intervals for radiation processes is questionable. Although the
radiation parameterization of the HIRLAM-model is computationally fast, it is less accurate compared to more detailed schemes (PAPER I and PAPER II). Thus, it would be
interesting to study which aspect is more important at the meso-scale, the accuracy or
the efficiency of the radiation parameterization. This was left for future studies.
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6 C ONCLUSIONS
The present thesis concentrates on assessing some key physical parameterization methods used in NWP-models. One of the main issues was the evaluation of the grid-sizedependent convection and condensation parameterization in a high-resolution mesoscale model (grid size less than 10 km). Furthermore, meso-scale models were utilised
in wind prediction studies near coastlines. This thesis also includes intercomparisons
of several radiative-flux parameterization schemes.
As shown in PAPER I and PAPER II, the clear-sky LW flux is calculated more
accurately by the NWP-schemes than by simpler schemes. Naturally, the main reason
for that is the use of the temperature and water vapour profiles as input values instead
of screen values only. As mentioned in PAPER I, the most important emission source
of the clear-sky LW radiation in the atmosphere is water vapour close to the surface.
By contrast, for the clear-sky SW flux, the simple methods can still compete with the
NWP-schemes. Under extreme winter conditions, even the more sophisticated NWPparameterizations seem to be too ’transparent’ for both LW and SW clear-sky radiation.
Simple cloud correction functions are useful in predicting the LW radiative flux
in cloudy conditions. However, the feasibility of the cloud correction methods is questionable in the SW part of the spectrum. The most important cloud properties affecting
LW and SW radiation are cloud base temperature (proportional to height) and cloud
optical thickness, respectively. The total cloudiness observation alone is not adequate
for providing the cloud depth information.
All the empirical radiative flux parameterizations are more or less site specific and
case dependent, especially the new ones introduced in this thesis. For example, the
night-time inversions might be overpresented in the present data set. Therefore, in the
future it is recommended to test the new schemes under climatic conditions significantly
different from those prevailing in Finland.
PAPER IV studies the performance of the grid-size-dependent convection scheme
when the grid size of a NWP model is decreased towards the km-scales. The resolution
dependent triggering function for convection is clearly beneficial for the high resolution models. It decreases the overestimation of the precipitation by cutting down the
frequency of moderate rain intensities. Furthermore, the grid-size-dependent moistening parameter reduces the overprediction even more by restricting convective condensation. However, this formulation is highly simplified and too case-dependent for
providing a satisfactory solution for all scales. Overall, the present convection and
condensation scheme of HIRLAM is still applicable with a 5.6 km grid size. On the
other hand, with a 2.8 km grid spacing, this scheme seems to be still too active (too
intense rainfall), although, it tries to switch the convection parameterization off due to
grid-size-dependency.
The issues related to the prediction of the marine wind in the vicinity of the coastline are considered in PAPER III and PAPER V. It is shown that the HIRLAM model
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with a 7.7 km grid size, hydrostatic dynamics and current operational physical parameterizations, is able to produce the a LLJ over the Gulf of Finland in a similar way
as the 2D model experiments and the observations suggest. However, the increased
model resolution itself does not necessarily improve the wind forecasts, as seen in PA PER V. In nested systems where a fine-scale model is embedded inside a large-scale
NWP model, the quality of the forecast produced by the forcing host model is really
important. Especially when the fine-scale domain is small, the possible false information from the host model spreads rapidly into the inner domain and contaminates the
high-resolution results.
In general, the verification of high-resolution models is very difficult using data
only from a single station. For the wind, the location of the grid square with respect
to the coastal observation site starts to play too important role, especially in areas of
highly complex land-sea distribution. Therefore, the use of high-resolution remote
sensing data for verification should be further studied.
In this study, the performance of the high-resolution NWP models has been assessed only in individual cases. Future studies should be extended to a larger variety
of atmospheric phenomena. More attention should be directed in particular to severe
weather situations (e.g., thunderstorms with extreme precipitation and strong winds).
In addition, the version of the HIRLAM convection and condensation scheme tested
here should be validated in parallel with more sophisticated microphysical schemes
that have prognostic variables for different hydrometeors and explicit convection. Another interesting topic is to test further the validity of the hydrostatic approximation
under different atmospheric conditions with a variable grid size.

34

S UMMARIES OF THE ORIGINAL PUBLICATIONS
I Niemelä S., Räisänen P. and Savijärvi H., (2001): Comparison of surface radiative flux parameterizations Part I: Longwave radiation. Atmos. Res., 58, 1–18.
PAPER I presents a comparison of several longwave downwelling radiative flux
parameterizations with hourly averaged pointwise surface radiation observations
made at Sodankylä, Finland, in 1997 and 1999. Both clear and cloudy night-time
conditions were considered. The clear-sky comparisons included eight simple
LW parameterizations, which mainly use screen level input data, and four radiation schemes from NWP-models. For the cases with clouds, three simple cloud
correction methods were tested. The author was responsible for all the analyses
and for a major part of the calculations and writing.
II Niemelä S., Räisänen P. and Savijärvi H., (2001): Comparison of surface radiative flux parameterizations Part II: Shortwave radiation. Atmos. Res., 58,
141–154.
In PAPER II, a comparison of several shortwave downwelling radiative flux parameterizations in Jokioinen and Sodankylä, Finland, is presented. Both clear
and cloudy conditions were considered. The clear-sky comparisons included six
simple SW parameterizations, which use screen level input data, and three radiation schemes from NWP-models. For the cases with clouds, three simple cloud
correction methods were tested. The author was responsible for all the analyses
and for a major part of the calculations and writing.
III Savijärvi H., Niemelä S. and Tisler P., (2005): Coastal winds and low level jets:
Simulations for sea gulfs. Q. J. R. Meteorol. Soc., 131, No. 606, 625–637.
PAPER III explored the reasons for the relatively strong coastal afternoon winds
observed along the Gulf of Finland. This phenomenon was mainly studied by using a high-resolution 2D numerical model with variable geostrophic wind speed
and direction. The effects of sea breeze were investigated by modifying the cloud
cover in the model. In addition, a case study was made with a three-dimensional
operational NWP-model to test the findings from 2D-experiments. The author’s
contribution was to carry out the NWP-model runs and analyse their results. He
was also partly responsible for writing about the 3D case study.
IV Niemelä S. and Fortelius C., (2005): Applicability of large scale convection and
condensation parameterization to meso-γ-scale HIRLAM: a case study of a convective event. Mon. Wea. Rev., 133, No. 8, 2422–2435.
PAPER IV presents a case study of a single cold air outbreak event with widespread
convective precipitation over Southern Finland on 25 May 2001. The purpose of
the study was to investigate the applicability of the convection and condensation
scheme of the HIRLAM model at meso-γ scales. The study concentrated on the
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issue of grid-size-dependent convection parameterization. At the same time, the
performance of an experimental nonhydrostatic version of HIRLAM was evaluated. Model simulations were conducted with three different horizontal grid
spacings: 11, 5.6 and 2.8 km. Model results were compared to observed radar
reflectivity data utilising a Radar Simulation Model, which calculates radar reflectivities from three-dimensional model output. The author was responsible for
all the NWP-modeling and for a major part of the analyses and writing.
V Tisler P., Gregow E., Niemelä S. and Savijärvi H., (2005): Wind field prediction
in coastal zone: operational mesoscale model evaluation and simulations with
increased horizontal resolution. Journal of Coastal Research (accepted).
PAPER V discusses the comparison of two different versions of the operational
HIRLAM model in order to verify wind forecasts on the eastern coast of Gulf of
Bothnia against good-quality single observations (an island station and a station
at the coastline). In addition, two cases were studied in more detail using also
the Penn State/NCAR Mesoscale Model (MM5) and a nonhydrostatic version of
HIRLAM. The detailed simulations were carried out with three different horizontal resolutions. The author’s contribution was rather minor in providing the
model data of nonhydrostatic HIRLAM simulations to the study.

36

R EFERENCES
Albers, S. C., J. A. McGinley, D. L. Brikenheuer, and J. R. Smart, 1996: The local
analysis and prediction system (LAPS): analyses of clouds, precipitation, and temperature. Wea. Forecasting, 11, 273–287.
Bennett, T. J., 1982: A coupled atmosphere-sea ice model study of the role of sea ice
in climatic predictability. J. Atmos. Sci., 39, 1456–1465.
Berliand, T. C., 1960: Method of climatological estimation of global radiation. Meteorol. Gidrol., 6, 9–12.
Brunt, D., 1932: Notes on radiation in the atmosphere. Q. J. R. Meteorol. Soc., 58,
389–420.
Brutsaert, W., 1975: On a derivable formula for long-wave radiation from clear skies.
Water Resour. Res., 11, 742–744.
Bryan, G. H., J. C. Wyngaard, and J. M. Fritsch, 2003: Resolution requirements for the
simulation of deep moist convection. Mon. Wea. Rev., 131, 2394–2416.
Budyko, M. I., 1974: Climate and life. Academic Press, New York.
Charney, J. G. and A. Eliassen, 1949: A numerical method for predicting the perturbations of the middle latitude westerlies. Tellus, 1, 38–54.
Cohen, C., 2000: A quantitative investigation of entrainment and detrainment in numerically simulated cumulonimbus clouds. J. Atmos. Sci, 57, 1657–1674.
Cuxart, J., P. Bougeault, and J.-L. Redelsperger, 2000: A turbulence scheme allowing
for mesoscale and large-eddy simulations. Q. J. R. Meteorol. Soc., 126, 1–30.
Dilley, A. C. and D. M. O’Brien, 1998: Estimating downward clear sky long-wave
irradiance at the surface from screen temperature and precipitable water. Q. J. R.
Meteorol. Soc., 124, 1391–1401.
Dutton, E. G., 1993: An extended comparison between LOWTRAN7 computed and
observed broadband thermal irradiances: global extreme and intermediate surface
conditions. J. Atmos. Ocean. Technol., 10, 326–336.
Emanuel, K. A., 1994: Atmospheric Convection. Oxford University Press, New York.
Holton, J. R., 1992: An introduction in dynamic meteorology. Academic Press, San
Diego, California.
Idso, S. B., 1981: A set of equations for full spectrum and 8- to 14-µm and 10.5- to
12.5-µm thermal radiation from cloudless skies. Water Resour. Res., 17, 295–304.

37

Iqbal, M., 1983: An introduction to solar radiation. Academic Press, 390 pp.
Jacobs, J. D., 1978: Radiation climate of Broughton Island. Energy budget studies in
relation to fast-ice breakup processes in Davis Strait. Occas. Pap., 26, 105–120, inst.
of Arctic and Alp. Res., University of Colorado, Boulder, United States.
Kato, T. and K. Saito, 1995: Hydrostatic and non-hydrostatic simulations of moist convection: applicability of the hydrostatic approximation to a high-resolution model. J.
Meteor. Soc. Japan, 73, 59–77.
Koistinen, J. and D. B. Michelson, 2002: Baltex weather radar-based products and their
accuracies. Boreal. Env. Res., 7, 253–263.
Kuo, H. L., 1974: Further studies of parameterization of the influence of cumulus
convection on large-scale flow. J. Atmos. Sci., 31, 1232–1240.
Laevastu, T., 1960: Factors affecting the temperature of the surface layer of the sea.
Commentat. Phys.-Math., 25.
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