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6 Abstract

Abstract

In this thesis different calculation methods for the vertical net energy flux through the Earth’s surface
are discussed. Three different methods are used for this purpose, firstly the direct calculation from
the net radiation and the turbulent fluxes as they can be downloaded from reanalyses like[ERASl An-
other calculation possibility is the calculation over an atmospheric column. The third method is the
diagnostic evaluation of an equation for the description of the soil heat flux over the land surface.

At first the necessary theoretical foundations are explained. Afterwards the data and methods used
are described. This provides the basis for comparing the different methods of calculating the vertical
net energy flow.

A comparison of the calculation methods and a discussion of the differences is of great interest. For
this purpose, the land surface from 40 °N to 90 °N is used as a study area. Since this is a very large area,
individual sub-areas are also dealt with. Over land surfaces the consistency between the net vertical
energy fluxes is reasonable on the seasonal time scale. Inconsistencies emerge in high surface regions
and near steep orography. The land surface equation as it is presented here does not seem to work
over ice sheets, likely because of different data representation there.

Zusammenfassung

In dieser Arbeit wird auf unterschiedliche Berechnungsmethoden fiir den vertikalen Nettoenergiefluss
durch die Erdoberfldche eingegangen. Dafiir werden drei unterschiedliche Methoden verwendet,
zum einen die direkte Berechnung aus der Nettostrahlung und den turbulenten Fliissen wie man sie
in Reanalysen wie[ERAblherunterladen kann. Eine weitere Berechnungsmaglichkeit stellt die Berech-
nung iiber eine atmosphérische Sdule dar. Die dritte Methode ist eine diagnostische Auswertung
einer Gleichung fiir die Beschreibung des Bodenwirmestromes iiber der Landoberfldche.

Zuerst werden die dafiir benotigten theoretischen Grundlagen erldutert. Im Anschluss daran werden
die verwendeten Daten und Methoden beschrieben. Dadurch ist die Basis fiir den Vergleich der un-
terschiedlichen Berechnungsmethoden fiir den vertikalen Nettoenergiefluss geschaffen.

Ein Vergleich der Berechnungsmethoden und eine Diskussion der Unterschiede ist von grollem Inter-
esse. Dafiir wird als Untersuchungsgebiet die Landoberflache von 40 °N bis 90 °N herangezogen. Da
dies einen sehr groRen Bereich darstellt wird auch auf einzelne Teilbereiche eingegangen. Uber Lan-
doberfldchen ist die Konsistenz zwischen den vertikalen Nettoenergiefliissen auf der jahreszeitlichen
Zeitskala verniinftig. Inkonsistenzen treten in hoher gelegenen Gebieten nahe steiler Orographie auf.
Die Gleichung fiir die Landoberfldche, wie sie hier vorgestellt wird, scheint iiber Eisschilden nicht zu
funktionieren, wahrscheinlich wegen der unterschiedlichen Datenreprédsentation dort.



1. Introduction

1.1 Continental Heat Gain

According to |Mayer et al.[(2017) energy budgets are an important tool to denote the mean state, the
variability and the trends in the climate system. To determine whether the climate system is in bal-
ance, the fluxes at the top of the atmosphere are considered.

Fig. [Tshows the global mean energy budget.

solar reflected thermal outgoing
TOA TOA

atmospheric

. Window i
o
. greenhouse

solar absorbed latent heat Jhey e

atmosphere ’ £
l" ’ g
¥\ solar g T

reflected
surface

84 20

imbalance (70, 85) (15. 25)

06 solar absorbed evapo- sensible thermal thermal
(0.2,1.0) surface ration heat up surface down surface

Figure 1: Global mean energy budget with magnitudes of energy fluxes in Wm™? with uncertainty

ranges in parentheses.

The incoming solar radiation at the top of the atmosphere amounts to 340 Wm 2. If the solar
reflected radiation having a value of 100 Wm™2 is subtracted, 240 Wm ™2 are resulting, which roughly
corresponds to the value of the thermal radiation emitted. As known from [[PCC| (2013), the Earth’s
climate is warming and there must be a net flux of energy into the climate system, which goes into
the surface, called imbalance in Fig. If the global imbalance of 0,6 Wm™? is considered, a closure of

the budget follows. (IPCC,

Based onBeltrami et al.| (2002), the imbalance leads to an increase of the heat contents within oceans,
atmosphere and cryosphere. The continental lithosphere is also a major component of earth’s climate

system with regard to heat and moisture transports between surface and atmosphere. Table[I|shows
the heat gained by ocean, atmosphere, components of cryosphere and lithosphere within the time
range given.

The values in Table[l]show that the heat gained by the lithosphere is in the same order of magnitude
as atmosphere and components cryosphere. Although it is an order of magnitude smaller than that
of the ocean, it is not negligible and should be taken into account in the determination of the total
heat gain of the climate system. (Beltrami et al.,[2002)
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Sphere Time Heat Gain in Joule
Ocean 1955-1996 | 182,0-10°!
Atmosphere 1955-1996 | 6,6-10%!
Continental glaciers | 1955-1996 | 8,1-10!

Antarctic sea ice 1950-1970 | 3,2-10%!
Lithosphere 1950-2000 | 9,1-10%!

Table 1: Heat gained by ocean, atmosphere, components of cryosphere and lithosphere in] in the
indicated time period. (Beltrami et al.,|2002)

Similar values to Tablecan be found in|Church et al.[{(2011): In a period from 1972 to 2008, 193, 0- 102!
J were stored by the ocean, 2,0- 1021y by the atmosphere and 4,7 - 102! J were stored by continents.
Also injvon Schuckmann et al.[(2016) can be found that the ocean is the major heat reservoir with a
storage of 93 % of the imbalance, 4 % of the imbalance go into ice surfaces and the remaining 3 % lead
to a warming of atmosphere and land surfaces.

1.2 Aim of the work

There are lots of papers which treat the heat gain in the ocean, but only a few that consider the heat
gain in the lithosphere.

Due to the fact, that the heat gained by the lithosphere is not negligible, it is desirable to have a closer
look at the energy balance over the land surface.

An accurate representation of the land surface budget is also required for medium range and seasonal
prediction of land surface temperature and precipitation.

The aim of this thesis is to provide an energy budget equation for land surface for calculating the
vertical net energy flux. This calculated energy flux is therefore compared to the net energy flux pa-
rameterized in the[ERAS|reanalyses ofECMWE In addition to that, a comparison is also made to the
indirectly determined net energy flux from the atmosphere.

All methods contain one or the other inaccuracy, which leads to differences in the calculation of the
vertical net energy flux. The differences have to be discussed to evaluate the budget equation of the
land surface, if a good estimate of the vertical net energy flux over land is provided.

1.3 Period and area under consideration

The data used is considered for a time period from 2000 to 2018. In order not to lose information
through the calculation of tendencies (explained in section , the data from December 1999 to
January 2019 are downloaded. A reason for choosing 2000 as the starting date is that the net
radiation fluxes from [CERES] (Loeb et al.,[2009), which are used for calculating the vertical net energy
flux by an atmospheric column, are only available from 2000.

The data is downloaded globally, in section[5|also individual cutouts are treated separately.



2. Theoretical background

2.1 Simplified energy budget of surface

A starting point for the considerations explained below is the simplified energy budget at Earth’s sur-
face. This includes net radiation on surface (Radggc), latent heat flux (LH), sensible heat flux (SH)
and ground heat flux (G). A slightly more detailed description of the components is given in sections
[2.1.1}[2.1.2land[2.1.3]

The surface gains energy through and loses energy through [LH] [SH] and This leads in
total to the formula expression given in equation[1} The terms in equation[I|are energy fluxes and are
expressed in Wm™2.

R(ldSFCZ -LH-SH-G (1

R RESFC R ﬂd_src

FSHDW

SH LH SH LH

&

G

(b) Simplified energy budget with storage (AS) and

(a) Simplified energy budget.
plfi & 8 snowfall (Pspow)-

Figure 2: Energy budgets of Earth’s surface. Based on|Kraus (2008)

Fig. [2| visualizes the initially considered options of the energy balance on the surface. The sign con-
vention is chosen in a way that[Radsgc|is calculated as positive downward and that fluxes from the
surface are considered as negative. (Kraus, 2008, p.33)

In Fig.[2a|the visualisation of equation[l]is given, Fig.[2b|shows an improved version of Fig.[2aland will
be discussed in section [2.1.4l

2.1.1 Net Radiation

The net radiation is the sum of the net solar radiation (Radsrc,,,) and the net thermal
radiation (Radsrc, ), as shown in equation[2}

Radsrc = Radsrc.

solar

+ RadSFCthermul (2)
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is the sum of incoming (positive) and outgoing (negative) short wave radiation on surface,
Radsrc,,.,,|is calculated as the difference of incoming and outgoing long wave radiation on surface.
(Kraus, |2008, p.128f)

2.1.2 Latent and sensible heat flux

The latent heat flux (LH) and sensible heat flux (SH) are turbulent fluxes and can be expressed as in
equation[3}

L,— Cp—ro

LH=—¢g'o' SH=—To' (3)

g g
Both fluxes emerge in the atmospheric boundary layer directly above the surface. [LH] results from
evaporation, denoted by g’'w’, the vertical turbulent flux of moisture. Heat conduction leads to the
formation of [SH] expressed by T’w’, the vertical turbulent flux in association with variations in tem-
perature. (Hantel, 2013, p.230)

2.1.3 Ground heat flux

The ground heat flux[Glis the sum of the energy flux densities through the considered surface. The
material can be conventional soil but also rock, sand, water, snow and ice.

Two transport mechanisms are important in solid ground, on the one hand heat conduction, that
means the energy transport between nearby particles. On the other hand electromagnetic radiation,
the transfer of energy by free electrons.

The ground heat flux directly under the surface can be described by its effect in the soil. This is com-
posed of the achieved heating and possible phase changes Z as shown in equation[4]

G= BOTpscs%dz+Z 4)

SFC ot

In equation[d} the upper limit of the integral is denoted by[SFC] which means the land surface. BOTlis
the bottom of the land column and may be designated as the depth, where the ground heat flux can
be assumed as zero. There is a flux from within the Earth in volcanically active areas, but in general
the flux is neglectable. A positive sign of[Glleads to a warming of the soil and snow and ice will melt.
If such a phase transition occurs and the resulting water runs off, an ablation of snow and/or ice is
the consequence. The ablation is effected by evaporation and melting, the latter combined with the
latent heat of fusion@ (Kraus, 2008, p.129f)

2.1.4 Modification of simplified energy budget

A more precise formulation of the energy budget can be obtained by inserting a storage layer[ASland a
term for snowfall[Pg;,,,,} as shown in Fig. can represent for example, radiation between leaves,
plants or buildings. The net effect of these terms is summarized in[ASl (Stull, (1988} p. 253ff)

Another effect that can be taken into account is the snowfall (P,,,,). This term represents the cooling
of the surface in consequence of falling snow and will be important in the following work. (Mayer
etal.,2019)
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The mathematical formulation of the improved energy budget can be taken from equation|5}

Radspc = —LH—SH -G+ Pspow + AS (5)

2.2 Order of size

Fig. [3| shows the annual mean global energy balance. Based on the values in Fig. 3| the budget at
the top of the atmosphere is closed. The net radiation at Earth’s surface is the combination
of global radiation plus long wave downward radiation minus reflected radiation minus long wave
upward radiation. As a result a value of —104 Wm™2 is gained, the radiation budget of the atmosphere
alone is negative. So a value of 104 Wm™2 has to be added by the turbulent fluxes[SHland [LHIto close
the budget. (Brasseur et al.,[2005)

shortwave radiation longwave radiation
342 Wm™ 102 Wm™? 240 Wm™?
TOA
19Wm™? 85 Wm™? 169 Wm™ 25 Wm™2 345 Wm™ 385 Wm™
SFC
sensible  latent global  reflected longwave longwave
heat flux heat flux radiation radiation downward upward

Figure 3: Annual mean global energy balance. Based on|Brasseur et al. (2005)

2.3 Energy budget of atmospheric column

2.3.1 General information on enthalpy

The enthalpy[Z] corresponds to the heat required to raise the temperature from zero to any value in
Kelvin at constant pressure. If the temperature is zero, the enthalpy is assumed to be zero.

Enthalpy is typically not given in absolute terms. Instead differences from a given reference state e.g.
liquid at 0 °C are considered.

For an ideal gas the enthalpy may be given as h = ¢, T. General gases are not ideal but in the absence
of phase transitions under atmospheric conditions the following differential equation holds.

dh=c,dT (6)

In equation |§|is the differential of enthalpy, [cp] the specific heat capacity at constant pressure with
a values of 1005 Jkg!K~! and[dTlthe differential of temperature.
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If a layer of air is heated in hydrostatic balance, e.g. by radiation heating, the weight of the air above it
remains the same as the air pushing down. So the heating process is performed at constant pressure.
The energy which is delivered to the air is indicated by an increase in enthalpy. Enthalpy is often also
called sensible heat. (Wallace and Hobbs, 2006, p.75f)

The latent heat of vaporization [L] is the difference between the (high) specific enthalpy of water
vapour and the (small) specific enthalpy of water. (Hantel, 2013, p.98f)

2.3.2 Derivation of the atmospheric moist static energy equation

This section is strongly based on|Mayer et al.| (2017), where the derivation below and also more de-
tailed explanations can be found.

In the climate system, water is available in all three states of aggregation. For the consideration of the
atmospheric energy budget including enthalpy transports associated with water, the definition of a
reference temperature is necessary. The reference temperature[Tyg|is 273,15 K.

We consider the atmosphere as a multiface system, it consists of dry air, water vapour, liquid water
and ice. In the following, s used for definition of the moist static energy as given in equation|[7]

m=(1 —qdg—qi _qs)Cp(Ta_ Too) +(qi +qg+qs)cw(Ta_ T00)+Lv(Ta)qg_Lf(Ta)qs+ (ql+qg+qs)h0+®

(7)
In equation @ is the specific water vapour content, [7] the specific liquid water content and[7g] the
specific ice content in kgkg™'. The specific heat of dry air at constant pressure is expressed by [7]
(1003 Jkg~'K™1), £ is the specific heat capacity of liquid water (4190 Jkg~'K™!). [T]is the air tem-
perature in K and[Ty| a reference temperature. The latent heat of vaporization is denoted by[L,]and
depends on the air temperature[T,} but a value of 2.501 - 10® Jkg~! is assumed. Furthermore [figlis the
specific enthalpy of water at 0 °C, as shown in equation|g]

ho = ¢;-273.15+ Ly (Too) (8)

Equation (8| consists of [c7, the specific heat capacity of ice (2060 Jkg™'K™1), [L/]is the latent heat of
fusion, given by —0.3337 - 10® Jkg~!. Finally, the last term in equationis the geopotential (@l [Dlis the
potential energy of an air parcel lifted z m above a reference level. It is denoted as ® = g - z, with[g]as
the gravitational acceleration and z as meters above ground.

If we want to study the energy budget of a column of the Earth, the column consists of atmosphere,
ocean, land and ice. This system is presented in Fig.|5| We consider a land column to a depth of about
3m. As a first step, the integration over an atmospheric column is carried out and discussed in the
following.

The moist static energy equation reads as presented in equation[9] With the tendency of moist static
and kinetic energy, the advection of moist static and kinetic energy (eq. and the fluxes across the
borders, denoted by the energy input in the system|[Rady o4l

om+k)

N+ Rad =0 9
Y + N+ Radroa 9
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The initial point for deriving the energy budget for the atmospheric column is the advection of moist
static and kinetic energy given in equation

R om+k)
N:v-V(m+k)+wT (10)

[Nis an immaterial source term, [Jlthe horizontal wind vector, @7 the moist static energy as defined
in equation [7] [ the atmospheric kinetic energy and [p] the atmospheric pressure.  is the vertical
velocity and can be expressed as dp/dt. The next step is the use of the continuity equation for an
atmosphere with water vapour and liquid water (equation|11).

V-i+—=0 1D

In equation[11]the term 0w/dp is composed of liquid water and water vapour fluxes.

The next step is the vertical integration of equation[11]

1y fpsa dp+ ST + 2 a7d (m) =0 (12)
V), Padp+ @+ 0 (ps
1 (ps
—V~f 5gdp+P+E=0 (13)
8 0

The second term in equation [12| denotes the total precipitation [Pl as a sum of rain and snow. Ac-
cording to|Hantel and Haimberger| (2016, p.284) [Plis bigger than zero if it rains, that means that the
precipitation reduces the precipitation water in the atmospheric column.

The third term in equation |12|is the evaporation rate [El at the surface. Based on information from
Hantel and Haimberger (2016| p.284), [Elis the vertical flow of water vapour which is exchanged be-
tween Earth’s surface and the vertical atmosphere.

Multiplication of equation[11|by (m + k) and adding to equation[10|leads to the flux form of the total
atmospheric budget (eq. [14).

- 0
N:V-[v(m+k)]+%[w(m+k)] (14)
Vertical integration of equation|14|results in equation
1 [Ps
N=V-§f [D(m+k)]ldp+ (ms+ ks)(P+E) (15)
0

The last term on the right hand side of equation [15| describes the enthalpy flux in relation with the
mass transfer through the surface.

There are some assumptions made concerning this term, like no flux of dry air through the surface
and that the kinetic energy and the geopotential flux in the context of[Eland [P]are neglected. So the
term can be expressed by enthalpies of rain, snowfall and evaporation.

(ms+ks)(P+E) = (Prain+Psnow)[h0+Cw(Tp_ Too)] _Lf(Tp)Psn0w+E[h0+Cw(Ts_ Too) +Ly(T5)] (16)

The term L¢(Tp) Pspow in equationis called the snowfall term. It represents the water mass which
falls as snow. This water mass leaves the atmospheric column with an enthalpy decreased by the
latent heat of fusion L(Tp). The term EL,(Ts) denotes the latent heat flux (LH). [LH can be used
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together with the sensible heat flux (SH) and the net surface radiation as the net surface
energy flux (Fg) in form of equation

Fs=Radspc+LH+SH 17)

At the top of an atmospheric column there is only radiation exchange (Radro4). [Radro4lis defined
as the sum of net incoming and outgoing radiation. It can be measured from spatialized satellite
systems like[CERES] ((Loeb et al.,[2009)).

All this effects are now combined in an equation for the total atmospheric energy budget:

Fs = Radros— AET =V - Fa + Li(Tp) Psyow (18)

In equation [18} [Fg|is the net surface energy flux as defined in equation is the net radi-
ation at the top of the atmosphere, [AET]is the atmospheric total energy tendency and V -[F4]is the
divergence of lateral atmospheric energy transports. A more detailed description of the terms can be
found in|Mayer et al.| (2019).

The last term is the snowfall term with L (T}) as the latent heat of fusion at temperature Tp| which
denotes the temperature of the falling snow. The other factor taking part in the snowfall term is the
snowfall rate[Py,,,,]in kgm~2s~!. This term describes the heat released in an atmospheric column in
combination with net freezing. (Mayer et al.,{2019, 2017)

2.4 Partitioning of the Earth’s surface

The result of subsection[2.3.2] provides the input

for Earth’s surface. If[Fgas defined in equation Fg
reaches the surface, there are three possibili-

ties of surface types, which occupy certain frac-

tions of the surface: ocean surface fraction [fo}

ice surface fraction|fjor land surface fraction|[fj}

These three fractions add up to 1 (eq.[19).

L=fot fit ] a9) fi-bs  Jo s pop
Land and ice surfaces may be covered with snow
or not.
The [Fs| from the atmosphere and the [F| of the
subsystems are the same. If they were not the fD _
same, they would not cancel each other in a fg Ii
common column of atmosphere and the subsys- i\j\’\j\h}jﬂj
tem. The additional flux would increase or de-
crease the energy in the column. This would be Figure 4: Partitioning of Earth’s surface.

an energy change through internal transforma-
tion of energy and thus a conflict with the energy law. (Hantel and Haimberger, 2016} p.263)

Fig. 5| shows all components of the entire system. Below the surface we must distinguish between
land ocean and ice. There is a budget equation for each type of surface, presented in sections [2.5|to
In this work the subsystems atmosphere and land surface are of particular interest.
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Figure 5: Terms of the energy budget of the system together. Based on|Mayer et al|(2019).

2.5 Energybudget of an ocean column

To get the energy budget of an ocean column the field energy equation is integrated from the sea
surface to the bottom of the ocean (BOT). Due to consistency reasons, the snowfall term is also
present in equation

ﬁ'FB+f0’FS:OHCT+V'FO_fO'Lf(Tp)Psn0w (20)

In equation [20} [f;] denotes the fraction of sea ice in a grid box, [Fg]is called the basal heat flux, which
is directed from the sea surface to the ice that over floods it. This term can be estimated by a balance
equation for the flux from water to ice or can be assumed basically as zero. The fraction of ocean in a
grid box is given by |f,|and [F3]is the vertical net energy flux (as defined in equation|[17). is the
temporal tendency of ocean heat content, V -[Fglis the divergence of ocean heat transport. The third
term on the right hand side of equation[20]is the snowfall term and beside the sign and the factor|fo)
which denotes the fraction of ocean in a grid box, the same as the last term on the right hand side of
equation[18|and describes the cooling effect of snowfall. (Mayer et al.}[2019)

According to|Hantel and Haimberger| (2016} p.263) the energy in the ocean is almost only inner energy,
denoted by the temperature of water and the latent energy due to phase transformations is negligible.
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2.6 Energybudget of an ice column

Ice and water differ basically by the state of aggregation, so a budget equation for an ice layer can be
derived on the same way as for the ocean. The main difference is that the budget equation for the ice
column (eq. does not use vertical integrals. Instead of vertical integration, multiplication with[#;}
the average thickness of the ice layer, is used.

fiFs—fi- Fp=MET+IHCT +V-Fi+ fiMsnow (21)

The left hand side of equation 21| represents the vertical convergence of the energy flux within the
ice layer. The fraction of sea ice is indicated by |fi] is the tendency of energy required to melt
sea ice. This means in concrete terms the latent heat of fusion (L) which is needed for melting, and
released during freezing sea ice.

In agreement with Hantel and Haimberger| (2016, p.303), ice has almost only internal energy, so ki-
netic energy is neglected. Thus a measure of energy is given by the definition of the sensible ice heat
content tendency (THCT).

The divergence of the transport of latent heat in association with sea ice is considered by V -[F]in the
budget equation. The divergence of the sensible heat in the ice is neglected because this effect is very
small compared to the divergence of latent heat.

When snow is lying on the sea ice, the energy required for snow melt is taken into account by[f{M0.l
Energetic effects in combination with transported snow are neglected due to their very small size.
(Mayer et al., 2019)

2.7 Energybudget of aland column

This section is based on[Haimberger| (2019).
For the definition of the energy budget of a land column, a more detailed formulation of equation [4]
is requested. Therefore a combination of equation[ljand[17]is made and leads to equation[22]

Fs=-G (22)

The underlying idea is to specify the left side of the equation [22| more precisely. [Fs|is multiplied by
to make sure that the ground heat flux is only considered over land surfaces. The integral of the
ground heat flux is made over a layer that is defined from the bottom of the land column to the
snow depth on the surface, denoted by[d

ds 9G
Fg=— —d 23
fi-Fs fBOTOz z (23)

The right hand side of equation 23]is expressed more precise in equation[24} in imitation of equation
21l

s 4G
—f —dz=TSHCT+LSHCT+ST-SF-CSF+RF (24)
BOT 02
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2.7.1 Tendency of thermal soil heat content

The first term in equation[24]is the tendency of soil heat content[TSHCT] The more precisely formu-
lation of[TSHCTlis given in equation[25]
SFC oT.
TSHCT = f (1-0y —0))psCs+PpuwcwOy +pici®;) —dz (25)
BOT ot
(1-04—-0;)psc;s is the thermal heat capacity of dry soil, p,, ¢,y 0, is the thermal heat capacity of moist
soil with[@,,] as the volumetric soil water content, and p;c;0; is the one of frozen soil, whereas[9]is
the volumetric soil ice content. All these thermal heat capacities are multiplied by the tendency of
soil temperature 0T/d¢. Then the integral of this expression is formed over the considered soil layer.
If the soil gets energy form a positive net radiation flux towards the surface, [TSHCTIis also positive.
That means that the surface gains energy what leads to a rise of soil temperature, which means that
the temperature tendency is also positive. If the net radiation flux is negative, the surface looses
energy and[TSHCTIis also negative.

2.7.2 Tendency of latent soil heat content

The detailed configuration of the tendency of latent soil heat content[LSHCT]is denoted in equation
26
SFC 00;

LSHCT = Lrp;
fBOT 1P ot

dz (26)

This term describes the change of the ice content in the soil. If[Fi|is positive, the surface gains energy
and the ice melts. Specifically, this means that the tendency of the soil ice content (60;/0¢) is negative.
Due to the fact, that the latent heat of fusion (E_ﬂ) is defined negative, the whole term is then positive.
If the ice content increases, the tendency is positive and the whole term turns negative.

2.7.3 Tendency of latent heat content of snow on the surface

With[ST]the effect of snow lying on the surface is taken into account. In equation27)two options for
calculating the term are given.

5 [d
ST = LfafSFcps,wwdz 27)

OSWE
ot

The first option is, to do the integration over the snow depth. Therefore the density of snow must be
known. According to [DWD) (2020a), the density of snow varies significantly depending on the type
snow. For an accurate calculation of this term, a differentiation of the snow types has to be made,
which is very costly.

Therefore a second option exists, which leads to the same result. Instead of integration over the den-
sity of snow, the snow water equivalent can be used. The snow water equivalent is the height of the
water layer that would result after melting the snowpack if the melt water remains on a horizontal
surface without infiltration or evaporation (DWD),|2020b). To get the same result as in option one, the
multiplication by the density of water (p3) has to be made.
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Is[Fg|positive, a decrease of snowpack is the consequence and SW E/0¢ is negative. A multiplication
with[Ly]leads to the same effects as discussed in section[2.7.2]

2.7.4 Snow Fall
The snowfall term is given in equation[28] This is the same as in equation
SF:flLf(Tp)Psnow (28)

The only difference to equation[18]is that the term is multiplied by the fraction of land (fj).

The negative contribution of[SFto the total energy budget of the land surface is because of the fact
that the land column looses energy if snow is falling on the surface. The loss of energy is in conse-
quence of the fact that the snow first has to be warmed to the reference temperature (water at
0°C) for which energy is required.

In equation[24] ST — SF must be exactly zero if snow falls and does not melt.

If the radiation budget is neutral and snow is falling on the surface, the column loses energy because
of the negative enthalpy of the falling snow which is compensated by[LSHCT} In summer energy is
necessary to melt the snow.

2.7.5 Cold Snow Fall

The term for the cold snow fall (eq. is a refining of the snow fall term in section[2.7.4}
CSF = flCiPsnow(Tp — Too) (29)

In this term, the effect of very cold snow falling on the surface is taken into account. It needs to be
heated up to 0°C before snow melt, as described in section[2.7.3} can start.

2.7.6 Rain Fall

The last term on the right hand side of equation 24]is the effect of rain falling on Earth’s surface, given
in equation
RF = flcwprain(Tp — Too) (30)

Rain falling on the surface provides energy to the land column if it is warmer than 0 °C.

2.7.7 Neglected Terms

A term that is not considered in equation [24] is the tendency of the latent heat content due to soil
moisture. If the soil moisture decreases, the soil cools down.

If it rains the soil is saturated with water after a certain time. After the rain, the soil water content can
decrease either by infiltration or by evaporation. If evaporation occurs, the question arises where the
heat comes from to evaporate. There are three possibilities: From the soil energy balance through
radiation, from the atmosphere or from the soil. If the heat comes from the soil, it is cooled. This
effect is difficult to take into account, because we only know the tendency of the soil moisture and it
is unclear where the heat needed for evaporation comes from. (Haimberger, 2020)
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2.8 Energy budget of the whole system

The addition of equations[18] and[24]gives the mathematical composition of the whole system
and is provided in equation[31} A graphical representation is given in Fig.

Fs=fo-Fs+ fi-Fs+ fi-Fs (31

s 4G
RadTOA—V-FA—AET:OHCT+V-FO+MET+IHCT+V-F1+f,~-Msn0w—[ Edz
BOT
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3. Data

3.1 ERA5reanalysis

Numerical weather models (NWP5) assimilate millions of observations and thus provide a three di-
mensional, consistent description of the atmospheric state. This result is called analysis. Analysis
combine the advantages of the model with the advantages of the observations. With time, are
developed further, so a time series of operational Analysis are not homogeneous over time.

For gaining a consistent time series, all available observations of overall decades are used to recalcu-
late the Analysis with the same model. The output of this process is denoted as reanalysis. (DWD,
2020c¢)

[ERASis the fifth generation of[ECMWFE atmospheric reanalysis. Reanalysis data is available from 1979
to present, an extension to 1950 is in progress. (Hersbach et al., | 2020)

The [ERAS] atmosphere and land reanalysis were produced by the data assimilation in the
CY41R2[[ES|cycle. It contains 137 pressure levels in the vertical, from surface at 1000 hPa to 0,01 hPa.
There exist also many single level fields. The soil is resolved into four vertical levels. The soil model is
further discussed in section3.1.11

The[ERA5| data is available on a Gaussian grid with a global spatial resolution of 31 km, ten ensemble
members are also available with a reduced spatial resolution. The temporal resolution is hourly, but
monthly means are also available.

The data can be downloaded form|C3S|(2020), interpolated to a regular latitude and longitude grid as
NetCDF or GRIB file. (ECMWFE,|2020a)

The data downloaded for this thesis is listed in section[3.1.2]

3.1.1 Soil Model used in ERA5

The state of the soil is represented in ERA5 by the (Tiled Scheme for Surface Ex-
changes over Land scheme). A schematic representation of this scheme is given in Fig. |6}

On the left you can see the six surface types and four soil layers. The six surface types are high and
low vegetation, interception water, bare ground, shaded and exposed snow. Water at surface is either
frozen or not. All different surface types have different water and energy balances. A Fourier diffu-
sion law is used for the description of the soil heat budget. For the energy balance equation the top
boundary condition is a net ground heat flux, and at the bottom a flux of zero is used. The intercep-
tion layer absorbs water until saturation is reached, then the remaining precipitation water is split up
to surface runoff an infiltration. In[TESSET] a single loamy soil is used.

On the right hand side of Fig.[6|the improvements made in the [HTESSEI (Hydrology[TESSEL) scheme
are illustrated. Here, a spatially varying soil type is used. Two adjoining grid boxes with equal land
surface conditions which receives the same amount of precipitation will produce a different amount
of runoff, proportional to the complexity of terrain with a soil water drainage depending on the soil
texture class. (Balsamo et al.,[2008)
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Figure 6: Visualisation of TESSEL (left) and HTESSEL (right) scheme. ¢Balsamo et al.l, |2008[)

Surface heat and evaporation fluxes

The turbulent fluxes are calculated by using a resistance parametrisation depending on the type of
surface. Equation[32]and 33| present the turbulent fluxes for heat and water vapour for ocean, sea ice
and snow on low vegetation.

Z

H; =pacp|UL|cH,,-(TL+%— Types) (32)
p

E; = p4lULICH,i (gL — Gsar(Tsk,i)) (33)

The wind speed is denoted by Uy, g; is the humidity, z; the height of the lowest atmospheric model
level, Ty ; is the skin temperature and Cg ; is the turbulent exchange coefficient. Cg,; varies from tile
to tile due to the different atmospheric stabilities. The different tiles are marked by i. The air density
is given by pg, ¢, is the heat capacity of air and T} is the air temperature.

For dry high and low vegetation, the interception reservoir and for bare soil and also for high vegeta-
tion with underlying snow, a slight different formulation of[33|is used. The total fluxes within a grid
box are denoted by an area weighted average over all tiles.



22 Data

Surface energy balance

For a determination of the surface energy balance the skin temperature T ; has to be defined. This is
done by solving the surface energy balance equation for each tile. In[HTESSEI] the feedback of T ;
on the net radiation and the ground heat flux is integrated. The surface energy balance is given by
equation

(1- frs,) (A — @i)Rs +€(Ry — 0 Ty, ) + Hi + Ly sEi = Mg i (Ts, — T1) (34)

Here too, the different tiles are marked by i. The partial absorption of net short wave radiation is
taken into account by (1 — frs ;). Rs is the downward short wave and R7 is the downward long wave
radiation. The Boltzmann constant is o, Tj is the temperature of the upper snow layer, H; is the
sensible heat flux, L, E; is the latent heat flux from the skin layer. If there is evaporation of snow, L; is
used instead of L,. Finally, A ; denotes the skin conductivity for each tile. (ECMWEF,2016)

Soil heat transfer

As mentioned in section[3.1.1} the soil heat transfer is following the Fourier law of diffusion (eq. [35).

oT

oT
(pC)soil_ =

T3z (35)

0
ot 0z
The volumetric soil heat capacity is assumed as constant with a value of 2.19-10°Jm™3K™!. T is the
soil temperature, z denotes the distance from the surface in m and At is the thermal conductivity in
Wm™!K™! depending on the soil water content.

Equation [35|ignores the effect of phase changes an the heat transfer in combination with vertical

movement of water in the soil. The depths of the soil layers are chosen in an approximate geometric
relation. The depths of the four soil layers used are given in table[2] (ECMWE,[2016)

Soil Layer | Depth

Layer 1 0-7cm
Layer 2 7-28 cm
Layer 3 28 - 100 cm
Layer 4 100 - 289 cm
Table 2: Depths of the Soil Layers. (ECMWE, 2016)

According to[Warrilow et al.| (1986) the soil layers used as described in table[2|are accurate enough, for
the consideration of data with temporal resolutions from daily to yearly.
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3.1.2 Parameters used

In this section the parameters used in this thesis are described. In table|3|the abbreviation and pa-
rameter identification of the parameters used in ECMWE| (2020a) are listed. All the parameters are
directly downloadable form the|C3S|(2020) data store.

Parameter name Parameter ID | Abbreviation | Abbreviation used
Surface latent heat flux 147 slhf LH

Surface sensible heat flux 146 sshf SH

Surface net solar radiation 176 SST Radskc,,,,
Surface net thermal radiation 177 str Radsrc,,
Volumetric soil water content layer 1 | 39 swvll

Volumetric soil water content layer 2 | 40 swvl2

Volumetric soil water content layer 3 | 41 swvl3

Volumetric soil water content layer 4 | 42 swvl4

Soil temperature layer 1 139 stll

Soil temperature layer 2 170 stl2

Soil temperature layer 3 183 stl3

Soil temperature layer 4 236 stl4

Convective rain rate 228218 crr

Large scale rain rate 228219 Istr

Convective snow fall rate 228220 csfr

Large scale snow fall rate 228221 Issfr

Snow depth 141 sd

2m temperature 167 2t

2m dew point 168 2d

Table 3: Parameters used with abbreviated name and parameter identification. (ECMWEF,|2020a)

The parameters used are described in more detail below. They can be used to calculate [Fg either
directly from the forecast flux fields above, or indirectly from the changes of the analysed state quan-
tities.

Parameters for calculation of net energy flux

The first option is the direct calculation of the net energy flux via equation (17| with the use of the
parameters used in [ERAS] as presented in equation Therefore the surface latent heat flux, the
surface sensible heat, the surface net solar radiation and the surface net thermal radiation are added.
All this parameters are available as accumulated values in Jm~2. The accumulation is dependent on
the time period selected. To convert the values in Wm™2, the downloaded data has to be divided to
the accumulation period in seconds. (ECMWF, |2020b)

According to ECMWFE|(2020a), the fluxes have to be divided by 86400s.

Fs=slhf + sshf +ssr+str (36)

This fluxes are parameterized and they are quite uncertain. The parameters described in the follow-
ing are analysed fields and assimilated by satellite data, so they are closer to the observations as the
forecast fluxes. The state quantities can be used to evaluate the soil budget equation. This is the core
of this work and is described in section 4
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Volumetric soil water content

3 3

The volumetric soil water content describes the volume of water in the respective layers in m>m™>.
The volumetric soil water content is available in four layers, as listed in table 2| It is an average
value for each layer and linked to soil parameters as soil texture or the underlying ground water level.

(ECMWE, |2020b)

Soil temperature

For all layers in table[2|there exists a soil temperature in K. The value is assigned to the middle of the
corresponding layer. (ECMWEF, 2020b)

Rain and snow fall rate

Equation requires a rain fall rate in kgm~2s~!. The rainfall rate (eq. consists of the convective
(crr) and the large scale rain rate (Isrr).

Prain=crr+l1srr 37)

The convective rainfall rate is calculated by the convection scheme of the[[ES| which represents con-
vection on smaller scales than grid size. The cloud scheme of the[[FSlgenerates the large scale rainfall.
This constitutes the formation and dissipation of clouds and large scale rainfall in consequence of
changes in atmospheric pressure, temperature or moisture.

Everything that applies to the rainfall rate can be directly applied to the snowfall rate. The snowfall
rate (eq. consists too of the convective (csfr) and the large scale snow fall rate (Issfr). (ECMWE,
2020b)

Psnow =csfr+1Issfr (38)

The total precipitation amount is denoted as P (eq. [39) and is the sum of rainfall and snowfall rate.

P =Prain+ Psnow (39)

Snow depth

The snow depth is used in m of water equivalent. If all the snow of the snow-covered area of a grid
box is melted and distributed over the whole grid box the snow depth in water equivalent results.
(ECMWE, [2020b)

Temperature and dew point
For an estimation of the precipitation temperature [T} the temperature and the dew point in 2m

above the surface are necessary. Both variables are given in K. (ECMWE, 2020b)
The method for the estimation can be found in section[4.6]
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3.2 Indirect calculated net energy flux

To get[Fs|from the atmospheric budget equation (eq. the divergence of the lateral atmospheric
(V- Fu) has to be calculated. This is a classical method and is explained in detail in Mayer and Haim-
berger| (2012) or Holopainen and Fortelius| (1986). The total energy flux divergence is then combined
with the[CERES|observation data of the net radiation at the top of the atmosphere (Loeb et al.,[2009).
The only difference to equation[18]is that in this calculation the term concerning snow fall was omit-
ted.

The data calculated with this method was provided by Johannes Mayer, staff at the Institute of Mete-
orology and Geophysics at the University of Vienna.
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4. Methods

This section describes the necessary steps to indirectly calculate[Fs|from the soil budget equation

4.1 Regridding

Due to the fact, that the[ERAS data is available on another grid than the flux, regridding
is required and necessary to ensure the comparability of results.

Regridding is the interpolation process from one grid resolution to another grid resolution. It may
include temporal, vertical or horizontal interpolations. In this work, horizontal regridding is used in
order to interpolate the resolution of the[ERAbldata from 0,25 ° to 1 ° spatial resolution.

There are various regridding methods available, therefore it is a difficult task to find the interpolation
methods that fits the problem best. (Shea, 2020)

The first part of regridding is the calculation of a weight matrix, which includes information of how
the grid points of the source grid contribute to the target grid. After this step, the data of the source
grid is multiplied by the weight matrix to generate the interpolated values of the target grid. (DeLuca,
2018)

In this thesis, the Python module xesmf (Zhuang, 2017b) is used for regridding. This module uses
the Earth System Modeling Framework (ESMF), which is a software infrastructure for building and
coupling earth science related applications. (DeLuca,2018)

There are some different methods of regridding, whereas bilinear and conservative are the most fre-
quently used. For the upscaling of data, conservative regridding is recommended. The upscaling
method takes averages over small source grid boxes while the bilinear method throws away most of
the source grid boxes. (Zhuang,[2017a)

4.2 Soil ice content

For the determination of the soil latent heat content tendency, the soil ice content is required. In
[ERAS|only the soil water content is available. Therefore an approximation for the soil ice content has
to be made.
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Figure 7: Two example profiles of soil temperature for showing the determination of the soil ice
content.

Fig.[7|shows two example profiles of soil temperature at two different points in time. The vertical line
in light blue denotes the freezing temperature of 273,15 K.

The left picture shows a soil, where the temperature in every layer is greater than 273,15 K. The right
picture gives a profile where the temperature in the upper part of the soil to approximately 75 cm in
depth is less then 273,15 K.

If the temperature of soil is lower than 273,15K, the soil water available is assumed to be frozen,
which is assumed to be the soil ice content. Otherwise, if the temperature is greater than 273,15K, it
is assumed that the soil contains no ice.

4.3 Zero degree levels

From the profiles shown in Fig. [7| the zero degree level can be derived. That means the depth in
soil, where a temperature of 273,15K is reached. There can be none if the soil temperature in every
layer is smaller or if the soil temperature is always greater than 273,15 K. With four data points, at a
maximum there can be three zero degree levels in one profile. The zero degree levels are needed for
the integration with the trapezoidal rule, described in section4.5.2)

4.4 Calculating tendencies

4.4.1 Calculating tendencies from monthly data

In equation[24|the tendency of thermal heat content (eq. [25), the tendency of latent heat content (eq.
and the tendency of latent heat content of snow mass on the surface (eq. [27) need to be evaluated.
The calculation of tendencies is made by the use of finite centered differences, based on[Brand|(2017).

OX  X(tjs1) = X(¢j-1)
or 2At

Equation[40]describes the calculation method for a parameter X, which can be the soil temperature,

(40)

the soil ice content or the water equivalent of snow in this thesis. The computation of the tendency
is made by subtracting the value of the previous month (X(#;-1)) from the value of the next month
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(X(zj+1)). The difference is divided by two times the time range Az, which is one month.
If the variable for which the tendency is to be calculated is present in several layers, the tendency is
calculated separately for each layer.

This method is not very accurate and is only recommended if only monthly data but no daily data are
available.

4.4.2 Calculating tendencies from instantaneous fields

[ERAS] provides the above mentioned state quantities with hourly resolution. In this thesis the in-
stantaneous field for soil temperature, soil water content and snow depth can therefore be used to
calculate the tendencies as given in equation[41]

0X

E = Xtend - thtart (41)
X1, denotes the value of the end of the month and X, , is the value at the beginning of the month,
typically a daily average. In this work the tendency for example April is calculated by first of May at
0000 UTC (Xy,,,,,) minus first of April at 0000 UTC (X,,,,).

4.4.3 Calculating tendencies from forecast data

A further point for tendency calculation is the calculation from forecasts. For the determination of
[TSHCTand[ST] two times a day the difference between forecast and analysis is calculated and then
the average for one month is determined. This data was provided by Johannes Mayer, staff at the
Institute of Meteorology and Geophysics at the University of Vienna.

For the calculation of[[SHCT] and[ST]it does not matter whether the tendencies are calculated first
and then the integrals of the tendencies are calculated, or the reverse. First, the tendencies were
calculated with equation

0X 1N Xic_Xtim
ot NZ At

1

(42)

In equation ‘ N is the number of forecasts in a month (e.g. 62 for January), X]’;C are the 12 hour

forecasts and X!, are the analysis in a month. At is the forecast time, in this work 12 hour forecasts
are considered.

For the calculation of the calculation order is important, because the soil ice content de-
pends on the soil temperature. Therefore the integrals must be determined first and then the ten-
dencies of the integrals are calculated. Therefore monthly averages for the 12 hour forecasts and the
analysis were calculated. The integrals are calculated for the monthly means of analysis and fore-
casts. Afterwards the difference is formed and divided by 43200 to get monthly means of [LSHCT]
from forecast data. (Haimberger,2020)
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4.5 Methods of integration

In equations[25|and[26]the discretization of the vertical integrals is required. The discretization meth-
ods used are discussed in this section.

Soil temperature and soil moisture (btw. soil ice content) are available in four layers. Therefore these
integrals are calculated for each layer separately and are added together after integration to obtain
the total heat content of the soil.

4.5.1 Integration with Riemann integral

The simplest approximation to the integral is the use of rectangles for calculating the area under the
curve. According to|Strampp|(2012), the soil is divided into layers, the depth of each layer is denoted
by xi — xx—1 in equation[43] The depth of the layer is then multiplied by the value of the function in
that layer (f(§;_ 1 )). For the total value of the whole function, all calculated values of the layers are
summed up.

b n
f JEEDIN(FIIETEE Y (43)
a k=1

4.5.2 Integration with trapezoidal rule

A slightly more accurate discretization method than the Riemann integration is the integration with
trapezoids. The formula used for trapezoidal integration is given in equation [44} as given in [Hanke-
Bourgeois| (2009). (b— a) denotes the depth of the layer, f(a) is the value at the begin of the layer, f(b)
the one at the end.

b b
f Fl) = Ta(f(a) + F(b)) (44)

This integration method uses the calculated zero degree levels as markers for additional layers. As
an example, consider 2 layers, where layer 1 extends from 0 to 7 cm into the ground and layer 2 from
7 to 28cm. For the trapezoidal rule, the temperature in the layer is assigned to the middle of the
layer. So the temperature of the first layer is assigned to a height of 3,5 cm, the temperature of the
second layer to a height of 17,5cm. The first sub-integral is calculated with the Riemann integral
from the surface (0 cm) to the first layer centre (3,5 cm). If the middle of the first layer is reached it
has to be distinguished if the temperature in the second layer has the same sign as the first layer. If
the temperature of the second layer has the same sign as the first layer, formula [44] can be applied
and the calculation is done for a layer from 3,5 to 17,5cm. If there is a sign change of temperature
between the layers, the zero degree level (as described in section with a temperature of 0°C is
used as an additional layer. For this purpose equation [44]is applied for the range from 3,5 cm to the
zero degree level and then additionally from the zero degree level to 17,5 cm. As the last sub-integral,
the Riemann integration from 17,5 cm to the lower limit of the layer (28 cm) is carried out. Then all
partial integrals are summed up.

A special feature is the calculation of[SHCT| The Riemann integration also uses the zero degree
levels as layer boundaries.
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4.5.3 Comparison of integration methods

To see if the integration with the trapezoidal rule delivers plausible values, some tests are performed.

All tests are performed in a small area, from 54 °N to 60 °N and form 30 °E to 40 °E.
Each test was performed for both[TSHCT]and[LSHCTI

Test 1

In the first test, in every layer the same soil temperature/moisture is assumed. The expected output
is that both integration methods show the same result. For this test, the area mean of the small area
is calculated to show the time series. In order to better identify possible differences, only an extract of

3 years, from 2000 to 2003, is shown.
In Fig.[8} the result for the tendency of thermal heat content is shown. Already at first view one can

see that there is hardly any difference between the integration methods. The differences, which can
be seen especially in the area of extreme values, are so small that they can be neglected.

Testing of integration methods
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Figure 8: Result of integration for[lTSHCT| with Riemann integration (blue) and trapezoidal
integration (orange) with assumption of the same soil temperature.

This test was also performed for[LSHCT) with a very similar result.

Test 2

A second test compares the integration methods for the individual layers. Therefore the data in the
chosen extract where grouped by the months and then averaged. This means an average for all Jan-

uary mean values and so on for all months.
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Figure 9: Temperature tendency,[TSHCT] via Riemann integration and[TSHCT] via trapezoidal
integration as an average for a small area, averaged for all months March.

Fig.[9]shows averages for all months march for a small area of temperature tendency and the calcula-
tion of[[SHCTlwith both integration methods. Apart from the slightly different distribution of layers
for the two integration methods, it can be seen that the values of integration are very similar. They
are positive for positive temperature tendencies and negative when the temperature tendency turns
negative.

Fig.[10|shows the course of the year for the averaged monthly means. For the given curves, the values
of all layers are summed up. It appears that both curves are very similar, the peaks also occur almost
simultaneously and are in the same value range from about 13 Wm™2 to —11 Wm ™2,

Thermal Heat Content
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Figure 10: Time series for the averaged monthly means of[LSHC T\ for a small area are calculated by
Riemann integration (blue) and by trapezoidal integration (orange).

Test 2 was also performed for[[SHCT] with the same conclusion as for[[SHCT} The two integration
methods provide results in the same value range and show a similar course.
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4.6 Precipitation temperature

The terms in equationassociated with precipitation need the precipitation temperature T. T), can
be estimated by the wet bulb temperature. According to AMS|(2012), the wet bulb temperature Ty is
the temperature an air parcel would have if it is cooled adiabatic to saturation and then compressed
to the original pressure. Precipitation temperature is always lower than the 2 m temperature, the wet
bulb temperature is also always lower than the 2 m temperature and so it is a good approximation to
Tp.

There are many different empirical formulas for calculating the wet bulb temperature. In equation
a formula is given, that only uses the 2 m temperature in °C and the relative humidity RH in %. It
returns the wet bulb temperature in °C. (Stull,2011)

Tp=T-atan(0.151977(RH +8.313659)*°) + atan(T + RH) — atan(RH — 1.676331)
+0.00391838RH'? atan(0.023101 RH) — 4.686035

According to [Stull (2011) equation [45]is applicable for temperatures between —20°C and 50 °C and
for relative humidities from 5 % to 99 %. The error made ranges from —1°C to 0,65 °C.

The air temperature is available in [ERAS and can be directly used, but the relative humidity is not
accessible. Therefore the dew point temperature in[ERA5lis downloaded. With the use of the Clausius
Clapeyron equation for the saturation vapour pressure (eq. [46), the relative humidity (eq. can be
calculated.

es(T) = es(Tp) - exp

L,(1 1
Rp\T, T

The reference value for the saturation vapor pressure es(Tp) is 101325 Pa, the reference temperature
Ty is 373,15 K, the latent heat of vaporization is denoted with 2,501-10° Jkg~! and the gas constant for
dry air Rp is 287 Jkg 'K~ 1.

_ es(Ty)

es(T) @D

The relative humidity is the relation of saturation vapour pressure at the dew point to saturation
vapour pressure at temperature. For values of RH in %, equation 47| has to be multiplied by 100.
(Hantel, 2013} p.68,99ff)
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5. Results and discussion

5.1 Evaluation of individual terms of the soil energy budget equation

5.1.1 Tendency of thermal soil heat content

As discussed in section the tendency of thermal soil heat content is the integration over the
depth of the soil of the temperature tendency multiplied by the specific heat capacities for soil, soil
water content and soil ice content.

Seasonal Average (Riemann Integration)

Fig.|11|shows the means over all seasons for the considered time period from 2000 to 2018 for inte-
gration with Riemann integration as discussed in section}4.5.1

What is noticeable in advance is that some areas have been masked out for all evaluations. An exam-
ple of this is a large part of Greenland. As the snow water equivalent in this area has not changed over
the period under consideration, it is assumed that glaciers have been assigned a constant value.This
affects the calculation of ST and would falsify the result and is discussed in section[5.2.2]

On the top left (seasonal mean for spring), it is to see that[[SHCT]is for a large part of the chart
positive, but in the north of Canada and Asia it is negative. The negative values of this term mean that
the soil loses energy because of the fact that the temperature tendency is negative. If it is positive,
the soil gains energy, as is the case with the red areas. It can be seen that the heat content increases
towards the south, which is to be expected in spring. The area mean in spring is 3,7 + 13,9 Wm™2.
These values support the thesis that in spring most of the depicted area gains energy.

On the top right of Fig. [11] the TSHCT] as a seasonal mean for the summer months is given. It is
obvious that the whole area gains energy in summer which leads to a positive temperature tendency
in soil and so a positive[TSHCTIfollows. The values are slightly smaller in the west of Canada and in
the east of Asia. Which is probably due to the fact that there more energy is needed to thaw the soil
and therefore the temperature increases slower than in areas further south. The area mean is 7,1+
13,5Wm™2.

The chart on the bottom left of Fig.[11|shows the seasonally averaged[[SHCT]of autumn. In autumn
the values are negative throughout. This indicates that the soil temperature decreases and the surface
loses energy, which is what is gradually expected in autumn. It is noticeable here that areas further
south show lower values than areas further north. The average of the area is —6,7 + 14,8 Wm 2.

In the chart on the bottom right of Fig.|11|the thermal heat content for winter is displayed. Areas
further north show lower values than areas in the south, excepted parts of northern Canada and Asia.
On a seasonal average, the energy loss in the north is lower for the winter months than for areas in
the south. The area average of the thermal heat content in winter is —4,2 + 11,7 Wm™2,
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SPRING [MAM) SUMMER (JJA)
Mean: 3.7 Wm~?, o: 13.9 Wm~? Mean: 7.1 Wm=?, g: 13.5 Wm~?

AUTUMN (S0N) WINTER (D{F}
Mean: <67 Wm? o 14.8 Wm—? Mean: -4.2 Wm~? & 11.7 Wm™?

Figure 11: Seasonal means forlTSHCT] for all years from 2000 to 2018. On the top left the seasonal
mean for March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The
integration method used is the Riemann integration. The units are Wm™2, zero is shown in white.

Seasonal Average (Trapezoidal Integration)

Fig.[12]shows the same as Fig.[I1} with the difference that instead of the Riemann integration, the inte-
gration was carried out using the trapezoidal integration. To better illustrate the differences between
the integration methods, Fig.[13|shows the difference between Fig.[11]and Fig.
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SPRING [MAM) SUMMER (JJA)
Mean: 4.6 Wm~?, o: 15.3 Wm~? Mean: 6.8 Wm~?, g: 12.5 Wm~?

ALTUMN [SON) WINTER (DJF}
Mean: -7.2 Wm 2, o 15.8 Wm 7 Mean: -3.7 Wm~?, & 10.8 Wm™?

Figure 12: Seasonal means forlTSHCT] for all years from 2000 to 2018. On the top left the seasonal
mean for March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The
integration method used is the trapezoidal integration. The units are Wm™2, zero is shown in white.

Differences between integration methods

In Fig. [13]the difference of calculating[TSHCT]with Riemann integration and trapezoidal integration
is provided. The result of trapezoidal integration is subtracted from the result gained by Riemann in-
tegration. Positive values indicate that the[TSHCT]calculated by Riemann integration returns higher
values than trapezoidal integration. If the trapezoidal integration delivers higher values than the Rie-
mann integration, the result of the subtraction is negative.

Considering the value range of figures Fig.|11/and Fig.|12} which extend from —18 Wm™2 to 18 Wm 2,
the difference between the integration methods (Fig. is about +3 Wm™2, which corresponds to a
deviation of 16,67 %.



36 Results and discussion

SPRING (MAM) SUMMER (JJA)

Figure 13: Riemann integration minus trapezoidal integration forllTSHCT\ Seasonal means for all
years from 2000 to 2018. On the top left the seasonal mean for March-April-May is given, on the top
right for June-July-August, on the bottom left for September-October-November and on the bottom
right for December-January-February. The units are Wm™2, zero is shown in white. Note the different
color scale compared to Fig.[11|and Fig.

The top left part of Fig.[I3|shows the difference of the integration methods in spring. It is recognizable
that Riemann integration provides lower values than trapezoidal integration. The biggest differences
occur in the middle of northern America and in Asia.

In summer (top right part of Fig.[13), Riemann integration provides higher values in the major part of
the area. Negative differences occur in the north- west part of Asia and in the north of Canada.

The biggest differences in autumn (bottom left part of Fig.|13) occur in the southern part of northern
America and in the west part of Asia. In the middle of the continents, Riemann integration provides
lower values than trapezoidal integration.
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In winter (bottom right chart of Fig.[I3), in the southern part of the chart, the highest negative values
are present. Further to the north, the differences are slight positive.

Possible reasons why one integration method yields higher values than the other is probably related
to the zero degree levels in the soil. For example: It may happen that the temperature in the soil
layer is slightly lower than 0°C and in the layer underneath it is positive. So the zero degree level
for trapezoidal integration is shortly after the middle point of the layer. This leads to the fact, that
in Riemann integration the layer is counted as negative but in trapezoidal integration it is already
counted as positive. The effect also occurs in the opposite direction and may lead to some differences.

Annual Cycle

Fig.[14]shows the annual cycle of the tendency of thermal soil heat content. Each line shows one year,
with the months of the year on the horizontal axis. The values on the vertical axis range from about
—10,0Wm ™2 to 12,0 Wm 2.

A spatial mean was made for the land surface from 40 °N to 90 °N. The result for Riemann integration
is given in Fig. [I4athat for trapezoidal integration in Fig.

Figures Fig. and Fig. show a similar course. At the beginning of the year, the thermal heat
content is negative. In spring, at the beginning of march the sign changes from negative to positive,
which means from this point on the soil gains energy. The peak is reached in June and is slightly
higher for trapezoidal integration in Fig. After reaching the maximum, the TSHCT] of both in-
tegration methods decreases and changes the sign in August, whereas the change is a little faster in
Fig.[14b|than in Fig. In Fig.[14a|the minimum of the thermal heat content cannot be determined
exactly and varies between October and November depending on the year. The minimum of the ther-
mal heat content in Fig. can be more accurately detected than in Fig. and is in October.

In addition, it can be recognized that the individual years are generally similar within a range of vari-
ation of about 3Wm™2. In the end of the year the range is about 5Wm™2, which represents a trend
towards an enhanced seasonal cycle, which is consistent with Mayer et al.|(2016).

On an annual average the tendency of thermal heat content should disappear. For Riemann integra-
tion the mean of the whole time series is 0 Wm™2, what the expected result is. Also for trapezoidal
integration, the average of the whole time series is with 0,12 Wm2 nearby the expected result, and
still acceptable.
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Tendency of Thermal Heat Content (Riemann Integration)
Area Average across LAND (40°-90° N), Time Series Mean: -0.0 Wm™2
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(a) Annual cycle otTSHCT] calculated by Riemann integration.
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(b) Annual cycle oftTSHCT calculated by trapezoidal integration.

Figure 14: Annual cycles otTSHCT] for both integration methods. Every year is one curve. A spatial
mean was made for the land surface from 40 °N to 90 °N. The mean of the time series was calculated
for the whole time series from 2000 to 2018.
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Uncertainties

For the calculation of this term some approximation were made. The first thing approximated is the
value for the heat capacity of soil. Aslisted in section[2.7.1and given in section[3.1.1} the heat capacity
of soil is assumed as constant with a value of 2.19-10% Jm 3K~ 1. According to/Abu-Hamdeh| (2003), the
thermal properties of soil are dependent on several factors, for example on the soil moisture content
and soil density.

Another approximation made is that equation 25 allows soil, water and ice in the same layer. In this
work the assumption is made that there is either water or ice.

A further fact of uncertainty is the calculation method of the tendency term, which will be discussed
later in section[5.5

5.1.2 Tendency of latent soil heat content

As discussed in section|2.7.2} the tendency of latent soil heat content is the integration over the depth
of the soil of the soil ice content tendency multiplied by the the latent heat of fusion and the density
of ice.

Seasonal Average (Riemann Integration)

Fig.[15)shows the seasonal averages for the tendency of latent soil heat content for all years from 2000
to 2018, calculated with Riemann integration.

The chart on the top left of Fig. [15|displays the average for spring. The area mean is given by 9,1
+ 61,5Wm™2. The positive values mean that the tendency of the soil ice content is negative, so the
net energy flux is positive on area average and the soil ice content decreases. The highest values
appear in northern America, and in center Asia. In Europe the white coloring means that there are no
tendencies of ice content due to the assumptions made available (see assumptions in section[4.2). In
the northern part of Canada the tendency of latent heat content is negative, so this means that there
the soil ice content is still increasing in spring.

In summer (Fig. (15} top right) it is apparent that the ice content is retreating further to the north. The
area is also positive with 10,8 + 55,2 Wm 2. [[SHCT]is decreasing. On the edges of Greenland there
are areas with a positive[LSHCT| Which means that the soil ice content decreases on the edges, what
is expected.

The chart on the bottom left of Fig. 15| presents the seasonal average for autumn. The area average
of —11,1 + 55,7 Wm™? reflects what is visible at first sight: The area mean of[LSHCT]is negative in
autumn. The lowest values are located in northern Canada and for the most part of Asia. In the edge
area of Greenland, the latent heat content is slightly positive, which indicates the decrease of soil ice
content.

Fig. on the bottom right shows the seasonal mean for winter with an area mean of —8,7 + 53,8 Wm™2,
This shows a mixed picture of positive and negative tendencies of latent heat contents, but most of
the map show a negative[LSHCT] so an increase of soil ice content.
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SPRING [MAM) SUMMER (JJA)
Mean: 9.1 Wm~?, g: 61.5 Wm~? Mean: 10.8 Wm=?, g: 55.2 Wm 7
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Figure 15: Seasonal means for[LSHCT| for all years from 2000 to 2018. On the top left the seasonal
mean for March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The
integration method used is the Riemann integration. The units are Wm™2, zero is shown in white.

Seasonal Average (Trapezoidal Integration)

Fig.[16shows the seasonal averages for[LSHCTlfor all years from 2000 to 2018, calculated with trape-
zoidal integration.

On a first sight, figures Fig.[15|and Fig.[16]show the same structures and distributions of positive and
negative values for the tendency of latent heat content. In order to better identify the differences
between the integration methods, the difference between the two methods is calculated and shown

in Fig.
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SPRING (MAM) SUMMER (JJ&)
Mean: 7.6 Wm~?, o: 44.7 Wm? Mean: 7.5 Wm~?, o: 38.6 Wm~?

AUTUMN (SON) WINTER (DJF)
Mean: -8.0 Wm~?, & 36.5 Wm™? Mean: -7.0 Wm~?, & 37.0 Wm ™

Figure 16: Seasonal means for[LSHCT| for all years from 2000 to 2018. On the top left the seasonal
mean for March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The
integration method used is the trapezoidal integration. The units are Wm™2, zero is shown in white.
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Differences between integration methods

SPRING (MAM) SUMMER (JJ&)

Figure 17: Riemann integration minus trapezoidal integration forLSHCT\ Seasonal means for all
years from 2000 to 2018. On the top left the seasonal mean for March-April-May is given, on the top

right for June-July-August, on the bottom left for September-October-November and on the bottom
right for December-January-February. The units are Wm™2, zero is shown in white. Note the different

color scale compared to Fig.[15 and Fig.

Fig. [17] shows the result of subtracting the seasonal means for [[SHCT] of trapezoidal integration
(Fig.[16) from Riemann integration (Fig.[I5). Positive values indicate that Riemann integration leads
to higher values than trapezoidal integration and negative values show that trapezoidal integration
delivers higher values than Riemann integration.

In spring and summer (Fig.(17} top left and top right) the difference are mainly positive. The greatest
differences between integration methods occur in summer and autumn (Fig. bottom left) in Asia.
In winter and spring (Fig. bottom right and top left), the value range of the differences is the
smallest. In winter a mixed picture of positive and negative values appears.
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Considering the value range of figures Fig.|15/and Fig.|16, which extend from —75Wm™2 to 75 Wm™?,
the difference between the integration methods (Fig. is about +30 Wm™2, which corresponds to a
deviation of about 40,0 %.

Annual Cycle

Fig.[18|shows the annual cycle of[[SHCT!] Each line shows one year, with the months of the year on
the horizontal axis. The values on the vertical axis range from about —18 Wm™2 to 25 Wm™2 for the
Riemann integration and from about —10 Wm™2 to 15 Wm ™2,
A spatial mean was made for the land surface from 40 °N to 90 °N. The result for Riemann integration
is given in Fig. [18a]that for trapezoidal integration in Fig.

Tendency of Latent Heat Content (Riemann Integration)
Area Average across LAND (40°-90° N), Time Series Mean: 0.03 Wm 2
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(a) Annual cycle o LSHCT] calculated by Riemann integration.

Tendency of Latent Heat Content (Trapeziodal Integration)
Area Average across LAND (40°-90° N), Time Series Mean: 0.01 Wm~2
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(b) Annual cycle ofILSHCT] calculated by trapezoidal integration.

Figure 18: Annual cycles o ILSHCT| for both integration methods. Every year is one curve. A spatial
mean was made for the land surface from 40 °N to 90 °N. The mean of the time series was calculated
for the whole time series from 2000 to 2018.

It is noticeable in Fig. that the annual cycles start in a range between —10,0 Wm ™2 and —5 Wm ™2
for both integration methods. The switch from negative to positive heat content is performed in
the end of February for both integration methods. It should be noted that the transition is not the
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same every year, but fluctuates in the range of about 2 weeks. The maximum of[LSHCT|with about
25Wm™? occurs from May to June for Riemann integration and with about 15 Wm™2 for trapezoidal
integration. After June in both figures the latent heat content decreases. Form October to November
in both figures a not clearly defined minimum is reached. In Fig. the minimum is lower than in
Fig. the spread lies within a range of about 5 Wm™2.

Both, Fig. and Fig. show similar courses and the variation range of about 5Wm™2 for the
different years is also comparable for both figures.

The latent heat content should, like the thermal heat content, also disappear in the mean. With a
time series mean of 0,03 Wm~2 (Riemann integration) and 0,01 Wm™? (trapezoidal integration), the
result is very close to zero and acceptable.

Uncertainties

The biggest source of uncertainty for the tendencies of latent soil heat content is the soil ice content.
The soil ice content is determined as described in section [4.2|by the assumption that the soil water
content is the soil ice content if the temperature is below 0 °C. Water and ice can be present at the
same soil depth, which is also excluded in this thesis. There is either water or ice.

For determining[LSHCT] the order of integration is important. First the integrals have to be calcu-
lated and afterwards the tendencies, due to the fact that the soil ice content is dependent on the soil
temperature as discussed in section 4.2

5.1.3 Tendency of the latent heat content of snow

The term for the tendency of the latent heat content of snow is calculated as described in section
The tendency of the snow water equivalent is calculated and multiplied by the density of water
and the latent heat of fusion.

Seasonal average

The seasonally means for the seasons for all years from 2000 to 2018 is calculated and the result is
displayed in Fig.

In Fig. 19| on the top left, the seasonal average for spring is given. In spring the area average of 2,3
+ 12,8 Wm ™2 shows that in most parts of the chart, the snow mass term is positive. A positive snow
mass term means, that the tendency of snow water equivalent is negative, and so snow melts. Only
in a small area in the north of Hudson Bay is negative, where snow mass increases. It is noticeable
that over Greenland[STlis zero. So in Greenland, changes of snow mass only occur at the edges for all
seasons. This is a reason why this area is masked in the other plots as mentioned above. The biggest
values appear over the Rocky Mountains and Norway.

In summer (Fig. top right), also in most of the areas the snow is melting, despite some negative
areas the area mean is positive with 0,7 + 5,0 Wm™2. Along an area stretching from Europe to the west
of Asia, it can be seen that there is no change in[ST1 This is probably because of the fact that the snow
in low altitudes is already molten.

On the bottom left of Fig. it is to notice that the area average is negative with —1,2 + 4,5Wm™2. It
would be expected that the snow mass starts to increase in autumn.
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SPRING (MAM) SUMMER (JJA)
Mean: 2.3 Wm-?, o: 12.8 Wm~? Mean: 0.7 Wm=?, a: 5.0 Wm~?
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ALITUMM [SON) WINTER {DJF}
Mean: -1.2 Wm™, o 4.5 Wm™? Mean: -1.9 Wm™?, o 7.6 Wm™?

Figure 19: Seasonal means forlST] for all years from 2000 to 2018. On the top left the seasonal mean for
March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The units are
Wm™2, zero is shown in white.

In winter the area average of the chart on the bottom right in Fig. [19|is with —1,9 + 7,6 Wm™2 still
negative. The biggest changes in[ST] occur in the Rocky Mountains, the area around Hudson Bay,
Scandinavia and in the northern parts of Asia.

Annual cycle

Fig.[20|shows the annual cycle of snow mass for all considered years. The range of values is between
—2,2Wm™? and 4,1 Wm™?, the spread between the years is up to 1,8 Wm™2 around the peak.

The annual cycle starts in January with negative values around 2,0 Wm 2. The sign changes in a range
from end of February to mid of March from negative (increase of snow mass) to positive (decrease of
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snow mass). The peak is in May, whereby the fluctuation range of the individual years is greatest here.
In August the decrease of snow mass turns into an increase and reaches its minimum in December.

Tendency of Show Mass on Earths Surface
Area Average across LAND (40°-90° N), Time Series Mean: 0.01 Wm—2

—— 2000
2001
—— 2002
2003
2004
2005
2006
2007
2008
—— 2009
— 2010
— 2011
— 2012
— 2013
— 2014
— 2015
— 2016
— 2017
— 2018

wm~—2
-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 20: Annual cycle ofiST| Every year is one curve. A spatial mean was made for the land surface
from 40 °N t0 90 °N. The mean of the time series was calculated for the whole time series from 2000 to
2018.

5.1.4 Snowfall

The term for the snowfall is calculated as described in section To get the snowfall rate is multi-
plied by the latent heat of fusion (see section2.7.4).

Seasonal average

The seasonally means for the seasons for all years from 2000 to 2018 is calculated and the result is
displayed in Fig.
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SPRING [MAM) SUMMER (JJA)
Mean: -2.6 Wm~?, & 10.3 Wm~? Mean: -0.2 Wm=?, o 2.4 Wm~?

AUTUMN [SON) WINTER (DJF}
Mean: 2.6 Wm? o 10,7 Wm—? Mean: -3.6 Wm~? & 14.6 Wm—?

Figure 21: Seasonal means for[SE for all years from 2000 to 2018. On the top left the seasonal mean for
March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The units are
Wm™2, zero is shown in white.
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The snowfall term in Fig. [21]is always negative, due to the chosen definition in section [2.7.4] When
looking at the seasons, it can be seen that the lowest values occur over the Rocky Mountains, in the
west of Hudson Bay and in some parts of Asia and in winter in parts of Europe. It is noticeable that in
summer, the snowfall term disappears (as expected) further to the south of the chart.

Annual Cycle

Fig.[22|shows the annual cycle of snowfall term. At the beginning and the end of the year the spread
between the years is the greatest with about 1,0 Wm™2. The snowfall term reaches its maximum be-
tween June and August, dependent on the year under consideration.

Snow Fall on Earths Surface
Area Average across LAND (40°-90° N), Time Series Mean: -2.26 Wm 2
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Figure 22: Annual cycle ofi(SEL Every year is one curve. A spatial mean was made for the land surface
from 40°N t0 90 °N. The mean of the time series was calculated for the whole time series from 2000 to
2018.

5.1.5 Cold Snowfall

The term for the cold snowfall is calculated as described in section[2. 7.5l The snowfall rate is multi-
plied by the difference from temperature of the falling snow to a reference temperature of 0°C and
then multiplied by the specific heat capacity of snow (see section[2.7.5).

Seasonal average

Fig. 23| shows the seasonal means for the cold snowfall term for all years from 2000 to 2008. The
distribution is similar to snowfall term (Fig.[2I), but the term itself is significantly less. In summer it is
only present in the most northern parts of northern America and Asia. In autumn it is apparent that
in Europe the alpine region the surface also loses energy due to cold snowfall.
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SPRING [MAM) SUMMER (JJA)
Mean: -2.6 Wm~?, o 10.3 Wm~? Mean: -0.2 Wm~f, o 2.4 Wm-?
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Figure 23: Seasonal means for[CSF| for all years from 2000 to 2018. On the top left the seasonal mean
for March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The units are
Wm™2, zero is shown in white.
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Annual Cycle

Fig.[24]views the annual cycle of cold snowfall with a curve for every year. It is recognizable that at the
beginning and end of the year the spread is the largest. However, it is important to not forget that the
value range is only between 0,0 Wm ™2 and —0,4 Wm ™2 anyway. There is no significant maximum, it
ranges form end of May to August.

Cold Snow Fall on Earths Surface
Area Average across LAND (40°-90° N), Time Series Mean: -0.14 Wm 2
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Figure 24: Annual cycle oflCSEL Every year is one curve. A spatial mean was made for the land surface
from 40°N t0 90 °N. The mean of the time series was calculated for the whole time series from 2000 to
2018.

5.1.6 Rainfall

The effect of rain falling on the surface can be denoted by multiplying the specific heat capacity of
water by the rainfall rate and the difference between precipitation temperature and a reference tem-
perature of 0 °C, as mentioned in section

Seasonal average

The seasonal means for the rainfall term for all years from 2000 to 2018 are displayed in Fig. In
spring, nearly everywhere rain falls to the surface. Northern parts of Asia remain unaffected of rain
fall. A maximum can be found in Europe, the Rocky Mountains and southern parts of Canada. In
summer, the rainfall has its maximum in the southeastern parts of Asia. In autumn, the rainfall term
decreases and disappears in the most parts of the area. Europe and parts of northern America remain
effect by rainfall in winter. Here it should also be mentioned that this term is small compared to
others.
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SPRING (MAM) SUMMER (JJA&)
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Figure 25: Seasonal means for[RE for all years from 2000 to 2018. On the top left the seasonal mean for
March-April-May is given, on the top right for June-July-August, on the bottom left for
September-October-November and on the bottom right for December-January-February. The units are
Wm™2, zero is shown in white.



52 Results and discussion

Annual Cycle

The annual cycle of the rainfall term is presented in Fig. The maximum is June, with the greatest

2

variation range of the years within about 0,2Wm™-. In the other months the fluctuation range is

smaller. The minimum of rainfall is as expected during winter.

Rain Fall on Earths Surface
Area Average across LAND (40°-90° N), Time Series Mean: 0.36 Wm 2

—— 2000
2001
—— 2002
2003
2004
2005
2006
2007
2008
—— 2009
— 2010
— 2011
— 2012
— 2013
— 2014
— 2015
— 2016
— 2017
—— 2018

Jun Ju
Months

Figure 26: Annual cycle ofIREL Every year is one curve. A spatial mean was made for the land surface
from 40°N t0 90 °N. The mean of the time series was calculated for the whole time series from 2000 to
2018.
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5.2 Comparison with reference curves

After discussing the order of magnitude, distribution and years of the single terms of equation[24} the
focus is now on comparing the calculation methods of the net energy flux.

Fig.[27|shows the time-related course of[Fs|with all four calculation methods. It can be seen that[Fg)
calculated by the Riemann integration covers the largest value range, followed by [Fg calculated by
trapezoidal integration. The values calculated with equation[24]are the smallest.

Time Series for LAND (40° - 90° N)

FS INDIRECT
T Mean: 2.7 Wm™2
FS ERAS
Mean: 1.8 Wm~?
30 __ FS CALCULATED (Riemann)
Mean: 2.7 Wm~?
H _ FS CALCULATED (Trapeziodal)
Mean: 2.8 Wm~2
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Wm~-2
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Figure 27: Time series of|[Fs| calculated by Riemann integration (green), trapezoidal integration (ref),
directly form[ERAH and calculated by the atmospheric column.

It is difficult to derive results from the representation in Fig. But what can be seen is that it
seems that the time series is stationary without trends. Therefore in the following, annual cycles with
monthly means for all years from 2000 to 2018 can be considered.

5.2.1 Annual cycle for land surface from 40 °N to 90 °N

Fig. 28| shows the annual cycle of the calculated [Fg| (icons in black) with the corresponding terms
(colored bars) used for the calculation of[Fg by equation[24] The signs next to the colored bars in the
legend denote if the bar is added or subtracted in equation 24} The integration method used is the
Riemann integration. To get one curve, the average for every month for all years (2000 to 2018) was
calculated.

The tendency of thermal soil heat content (TSHCT) is the red colored bar. At the beginning of the
year this term is negative, the soil temperature tendency is negative and thus the soil cools down.
In March it is noticeable that [SHCT]is very small, but already positive. From March to August,
[TSHCT]is positive, with its maximum impact to the whole equation in June with nearly 10 Wm™2.
In September the soil temperature tendency is negative and so the soil cools down again until the
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end of the year. Just by taking a look one can recognize that [TSHCT] provides the second largest
contribution to[Fg]

The largest contribution to the calculated [Fg]is ascribed to the tendency of latent soil heat content
colored (LSHCT) in royal blue. [SHCT]is negative (meaning a positive tendency of soil ice content
leading to an increase of soil ice content) in January and February. In March this term is infinitesi-
mal and does not affect the calculation of[Fs] Form September to December the soil ice content is
increasing.

The term concerning the change of the snow mass (ST} grey colored bar) on Earth’s surface behaves
in the same way as the tendency of latent soil heat content. [STis very small in July and September
and disappears in August. In winter, the mass of snow is increasing and in summer, the snow mass is
decreasing because of melting.

Riemann Integration - Area: LAND (40°-90° N)
(Respective monthly means from 2000 to 2018)
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Figure 28: Annual cycle of[F4| for different calculation methods (icons in black) including the influence
of each term in equation[24in colored bars. The mean for the months was calculated for the whole
time series from 2000 to 2018. The integration method used is the Riemann integration.

Another term with great impact in Fig. [28]is the the tendency of the latent heat content of snow (ST}
grey-blue colored bar). It is the biggest in winter and becomes smaller in summer, with its minimum
impact in July and August.

The term for the cold snowfall light blue bar), is very small and has no significant influence in
this figure.

Rainfall (RE] green bar) is only available in summer, with a maximum in July. It is recognizable that
this term is also very small.

The 'x’ icon in black shows the result for calculating[Fs|via equation (hereafter, the '+
displays the result of calculation directly from the parameters given in[ERA5|with equation[17] (here-

after[Fs,,,). A circular symbol represents the[Fg| calculated via atmospheric column as described in
section 3.2 (hereafter[Fs .
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It is apparent that the symbols do not show a perfect match. It is difficult to draw more precise con-
clusions in Fig. 28} so Fig.[29]is used for a closer look.

Area Average across LAND (40°-90° N)

(Annual course of the respective monthly means from 2000 to 2018)
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Mean: -2.7 Wm~2
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Figure 29: Annual cycle of[F4| for different calculation methods. The mean for the months was
calculated for the whole time series from 2000 to 2018.

Fig.[29|shows the icons presented in Fig.|28|connected by a line, with the difference that Fig.[29|also
includes the result for equation [24] calculated by trapezoidal integration (hereafter red
line). The green line shows the result for [Fs,;c yieman the yellow line is The blue line delivers
the result for[Fs,, , .|

Itis obvious that[Fsc ., niemann| A0A[FSc aic,rrape-| SHOW significant differences, whereas(Fs. ;. .../ fits bet-
ter to the reference lines of[Fs, . .|and[Fs, ., .|

In general, all lines are within the same fluctuation range, with a minimum in winter of about —20 Wm2
to a maximum in summer of 30 Wm 2.

Furthermore the peaks of [Fs_,, ... 1and [Fs.,;  1,.,..| S€€M to be in phase compared to and

where the peakis less marked than the others. What can also be seen is that the
change from negative to positive for[Fs, , .|takes place in mid-March, in the other curves this change

occurs earlier (mid to late February). This can occur due to the chosen method of tendency calcula-
tion and will be discussed in section[5.5

Another fact that should be mentioned is the mean of the annual cycle. While it is negative for[Fs , , .|
positive values occur for [Fs, .} [Fsc e piemans] @ [FScarc,7rapect Where those calculated by equation
with 2,7Wm™? and 2,8 Wm ™2 are the greatest. The value for[Fs,_|lies with 1,8 Wm™? in between.

5.2.2 Annual cycles for cutouts
Asia

Asia is defined as an area from 50 °E to 190 °E and from 10 °N to 90 °N.

Fig.[30]depicts the annual cycle of each term of equation[24]for the region Asia. In the beginning of the
year the tendency of thermal heat content is negative, in March the[TSHCT]is positive, so Asia gains



56 Results and discussion

energy until August, with a maximum in June of about 8 Wm™2. The[LSHCT]shows a similar course.
It is apparent that the greatest effects of soil ice melting are in May and June with about 20 Wm™2.
The tendency of snow mass (ST) influences the equation most during snow melt periods from April
to June. The impact of snowfall (SE) is the biggest during winter, the one from the rainfall[RF has its
maximum in July and disappears in winter.

Looking at the icons, which represent the values for [Fg] it is noteworthy that[Fs,, |and[Fs_,, ...

mann

are very similar in March and August and differ in the remaining year. To have a closer look at this,
Fig. [31]will be consulted.

Riemann Integration - Area: ASIA
(Respective monthly means from 2000 to 2018)
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Figure 30: Annual cycle of[Fg| for different calculation methods (icons in black) including the influence
of each term in equation[24 in colored bars for Asia. The mean for the months was calculated for the
whole time series from 2000 to 2018. The integration method used is the Riemann integration.

The lines in Fig.[31|show|Fs,, ]in blue, in yellow, in green and [Fs ¢ a0 T€d.

It is noticeable that[Fs,; .} [Fs 1 riemann| @09 [FSc a1 77ape-| @T€ similar at the beginning of the year, but in

summer the difference between|[Fs, ,,[and[Fs ., niemann 1S @bOUL 20 Wm™2, which leads to the assump-
tion that the[LSHCT] which is the major part of the equation (Fig.[30), may be overestimated.
shows a phase shift, which could already be seen in Fig.[29]and is going to be discussed in section[5.5

The mean of[Fs,, , ,|is negative with a value of -3,1 Wm ™2, while the means for the other lines are thor-

oughly positive. [FS.c piomand With 2,4 Wm~2 and with value of 2,5Wm™2, is slightly

lower with 1,6 Wm™2.
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Area Average across ASIA

(Annual course of the respective monthly means from 2000 to 2018)
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Figure 31: Annual cycle of[Fs| for different calculation methods for Asia. The mean for the months was
calculated for the whole time series from 2000 to 2018.

Europe

Europe is selected by —30 °W to 50 °E and form 35 °N to 90 °N. Parts of Greenland in the selected area
where masked and did not influence the area.

Riemann Integration - Area: EUROPE
(Respective monthly means from 2000 to 2018)
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Figure 32: Annual cycle of[Fg| for different calculation methods (icons in black) including the influence
of each term in equation[24 in colored bars for Europe. The mean for the months was calculated for
the whole time series from 2000 to 2018. The integration method used is the Riemann integration.
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Looking at Fig.[32]in comparison to figures Fig.[28]and Fig.[30} the month April is outstanding. In April
the maximum of curve is reached. The course of the terms is similar, but the term[ST]is of interest.
Already in March, snow melt is starting and reaches its maximum in April.

Considering Fig. [33|shows an interesting picture. [Fs,,,|and[Fs,, , ]show a kind of plateau in summer.
FScaicriemann @0 [FSc 1 7rane-| SHOW @ very similar course, with an earlier maximum as the reference
curves. Here again a phase shift can be seen, as already shown in Fig.|29|and Fig. The distribu-
tion of the time series averages is also relevant. [Fs,,, .|has an average of —7,9 Wm™2, the others are

NDIR

positive, with 0,6 Wm ™ for[Fs,, ] 2,4Wm™* and 2,5 Wm ™2 for[Fs_,vone 1and[Fs e 1rupech

Area Average across EUROPE

(Annual course of the respective monthly means from 2000 to 2018)
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Figure 33: Annual cycle of[Fd for different calculation methods for Europe. The mean for the months
was calculated for the whole time series from 2000 to 2018.

Northern America

Northern America is defined as an area from 169 °W to 10 °W and from 10°N to 90°N. Parts from
Africa and Iceland in this extract where masked and removed.

The term with the greatest influence is still[LSHCT) followed by[TSHCT] It is noticeable that[TSHCTI
is infinitesimal in March. The effect of the tendency of snow mass on surface (ST) is the greatest in
May, but also of importance in April and June. In winter, [ST]is also present, but the accumulation
of snow is not as big as the melting. There is also a large component of [SF] during winter, which is
minimal in July.

Regarding the icons, it is notable that throughout the year the differences between the calculation
methods are not as big as for example in Asia.
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Riemann Integration - Area: NORTHERN AMERICA
(Respective monthly means from 2000 to 2018)
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Figure 34: Annual cycle of[F4| for different calculation methods (icons in black) including the influence
of each term in equation|24in colored bars for northern America. The mean for the months was
calculated for the whole time series from 2000 to 2018. The integration method used is the Riemann
integration.

(S ab [Fscarc.niemans A0 [FScasc. rrape fit together very well, shows the phase shift as mentioned
above. In Fig.|35it is remarkable that the maximum of [Fs,, , .| reaches 30 Wm™?, and the average

is also positive with 1,3Wm™2. Also [Fs_,|is in average positive (1,7Wm™2), and so do
(3,0 Wm™?) and[Fscuc rraped 31 Wm™2).

Area Average across NORTHERN AMERICA

(Annual course of the respective monthly means from 2000 to 2018)
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Figure 35: Annual cycle of[F3| for different calculation methods for northern America. The mean for the
months was calculated for the whole time series from 2000 to 2018.
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Greenland

Greenland is cut out in between 10 °W and 45 °W, and in between 55 °N and 90 °N. Parts of land that
do not belong to Greenland have been removed and not taken into account.

A closer look at Greenland led to the conclusion that areas that are glaciated should be masked out
and excluded in the calculations and evaluations in this work. Here it was shown that these areas were
assigned a constant value of[SW Elover the year. This affects the calculation of ST, which is determined
by the temporal change of (see section[2.7.3). This would mean that these ranges would then
never show a trend and ST would therefore always disappear, which is not the case.

Taking a look at Fig. it soon becomes clear that the major components of calculated [Fg| are the
snowfall and the tendency of latent heat content. It is surprising that[STlis very small in winter, which
means that only little snow falls on the surface.

Riemann Integration - Area: GREENLAND
(Respective monthly means from 2000 to 2018)

FS ERAS
FS INDIR

FS CALC RIEMANN
TSHCT (+)

LSHCT (+)

ST (+)

SF (-)

CSF (-)

RF (+)
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Figure 36: Annual cycle of[F4| for different calculation methods (icons in black) including the influence
of each term in equation|24)in colored bars for Greenland. The mean for the months was calculated for
the whole time series from 2000 to 2018. The integration method used is the Riemann integration.

Due to the fact that [SHCTVILSHCT] and [SF enter equation 24 with opposite signs, these compen-
sate each other, in particular in the months January to March and from October until December,
which can be seen in Fig.
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Area Average across GREENLAND

(Annual course of the respective monthly means from 2000 to 2018)

FS SAT

Mean: -7.3 Wm~2
FS ERA

Mean: -3.5 Wm~2
FS Riemann
Mean: 6.2 Wm~2
FS Trapez

20 Mean: 6.1 Wm~2

40
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Months

Figure 37: Annual cycle of[F4| for different calculation methods for Greenland. The mean for the
months was calculated for the whole time series from 2000 to 2018.

Fig.[37]shows the already described situation even more clearly through the line formation. The fact
that in winter the net energy flux of the calculated curves is never negative may be caused by the effect
that the tendency of thermal and latent heat content are compensated by[ST]l Another fact is that the
greatest part of Greenland is masked, due to reasons given above. So Greenland only consists of a
small strip at the edge of the island. Some investigations are going to be carried out in section(5.5

Considering the average values, provides —7,3 Wm™? similar to —3,5 Wm™? delivered by[Fs,, |

The values for[Fs_, . romand @04 [FS e 1rares| Fank with 6,2 Wm™2 and 6,1 Wm 2.

5.2.3 Viewing in the area

In figures 28| to 37} the averages were made over big areas, so it could be helpful to discuss the dif-
ferences of the calculation methods by viewing the area. Therefore seasonal means were calculated
including the whole time series. Figures[38|to[41]show the differences for each season. In each case
the upper left picture shows the difference between [Fs,;,|and [Fs..;.c niemant the upper right picture

the difference[Fs,, |and[Fs. ;.. r,,,..} the lower left the difference between|Fg, , 1and[Fs ;¢ niemani|@00d

finally the lower right picture gives the difference between|Fs, . .|and[Fs_,; 1,.,..}

Pictures in one line always look very similar. This is because of the fact that Riemann and trapezoidal
integration produce very comparable results. The results of is very noisy, what can be seen
also in the differences.

Positive (red) values mean that[Fs,,,|or[Fs,, .| provide higher values than[Fs . ioman OT[FScarc.rrape:}
reversed for negative values.
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In spring (Fig. B8) [Fs,.;,|and[Fs e piemansh TESPECUVELY[FS 4 0 1v0pecp d€Viate over a large area by approxi-
mately + 10 Wm™2, which is small compared to the deviations of[Fs -1 The difference to[Fs,, |is the

biggest in Norway and in the Rocky Mountains. It is also noticeable that the deviations are often great-
est along water-land borders, for example as around Europe. provides higher values in larger
parts of Asia and northern America, while in Europe provides smaller values than [Fs,;c rieman]

I [Fscsc.rrape:} A similar picture is provided for the deviation of[Fs, , ,} with much higher values, but
also much finer structures.

FS ERAS - FS CALC RIEMANN FS ERAS - FS CALC TRAPEZ
Arca Mean: -4.9 Wm~? Area Mean: -4.4 Wm-?

FS IMPL - FS CALC RIEMANN F5 IMPL - F5 CALC TRAPEZ
Arca Mean: -12.3 Wm ™2 Area Mean: <118 Wm ™

Figure 38: Differences between calculation methods as seasonal means for all years for spring.
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For Fig.[39]it is noticeable that for the difference with[Fs, |the highest positive differences occur along
the land sea borders. Continental the differences are similar to those in spring, with a difference in
northern America and central Asia. There are lots of red patches within the content. It is likely that in
those areas probably snow melts, which could not be resolved with equation 24} because of reasons
given in section[5.4]

The difference to[Fs,,, ,]is again very noisy, but shows a similar picture for northern America.

F5 ERAS - F5 CALC RIEMANN F5 ERAS - F5 CALC TRAPEZ
Anea Mean: -2.7 Wm~? Area Mean: 0.6 Wm =

wm -1

]

F5 IMPL - F5 CALC RIEMANN F5 IMPL - F5 CALC TRAPEZ
Arca Mean: -3.4 Wm—? Arga Mean: -0,1 Wm—*

Figure 39: Differences between calculation methods as seasonal means for all years for summer.
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Fig.[40[shows the differences in autumn, where, at least at a quick glance, it looks like the differences
to[Fs,,,|and[Fs, ;| seem to be a similar range of magnitude. The presented differences in northern
America show a similar pattern, but are more precise in[Fs,,, .| In Norway and the Rocky Mountains,

the differences to[Fs,,,|and[Fs,, , .|show equally large negative values at the edges.

FS ERAS - F5 CALC RIEMANN F5 ERAS - F5 CALC TRHAPEZ
Anea Mean: 3.9 Wm = Area Mean: 1.7 Wm =
wim -3
-]
]
n
]
FS IMPL - F5 CALC RIEMANN F5 IMPL - F5 CALC TRAPEZ
Area Mean: 1.1 Wm Area Mean: -1,2 Wm™?
e
=20
=50
-80

Figure 40: Differences between calculation methods as seasonal means for all years for autumn.
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The difference to shows in winter the most noisy pattern. The basic color distribution is sim-

ilar to the difference to In Norway and the Rocky Mountains a comparable picture to Fig.[40]is
displayed.

F5 ERAS - F5 CALC RIEMANN F5 ERAS - F5 CALC TRAPEZ
Area Mean: 0.1 Wm= Area Mean: -1.9 Wm~?
e S e

wm -1

F =]

FS IMPL - FS CALC RIEMANN F5 IMPL - F5 CALC TRAPEZ
Area Mean: -7.1 Wm™? Area Mean: 9.1 Wm™?

I

=20

Figure 41: Differences between calculation methods as seasonal means for all years for winter.
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5.3 Trends in soil temperature and soil moisture

Remembering the introduction, an imbalance of 0,6 Wm2 was mentioned. Therefore the anomalies
of soil temperature and soil moisture for the land surface from 40°N to 90 °N in all soil layers are
considered. The red line represents a linear trend line.

Fig.[42|shows the temperature anomalies for all soil layers from 2000 to 2018. The slope of the red line
is not significant at a first sight. Looking at the slopes of the trend lines, a small trend can be seen. It
is interesting to note that this is greatest in the deepest layer, but with 0,001 K/19a very small.

Temperature Anomaly in Soil Layer 1 (0-7cm)

T1[K]

1 N\ ,f[\\ — Slope: 0.0003 K/19a

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Temperature Anomaly in Soil Layer 2 (7-21cm)

K]

T2[K]
1 Slope: 0.0006 K/19a
Z o
-1
-2
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
5 Temperature Anomaly in Soil Layer 3 (21-100cm)
T3[K]
1 — Slope: 0.0006 K/19a
Z o - /\‘\/\'\\/ y

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Temperature Anomaly in Soil Layer 4 (100-289cm)

T4[K]

1 N/\/\M Slope: 0.0010 K/19a

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

K]
o

Figure 42: Soil temperature anomaly and trend line for all soil layers from 2000 to 2018.

In Fig.|43|the moisture anomalies for all soil layers in the whole period under consideration are dis-
played. The value of the slope of the trend line does not show any significant values (rounded to four
decimal places it is still 0), but optically a trend can be recognized. The red line has a negative slope,
which indicates a decrease in soil moisture in all layers. This is also consistent to a tendency towards
drier soils. An interesting feature is the anomaly of soil moisture in layer 4. In 2010 it seems that
there is a jump in the data, so in 2015, which could be an indication of inhomogeneities in the time
series. This also occurs in the lowest and thickest layer, which may have an effect to the calculation of

[LSOCTL
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Figure 43: Soil moisture anomaly and trend line for all soil layers from 2000 to 2018.
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In Fig. 44| the climatology of soil temperature in all four layers is shown. As expected it can be seen

that the amplitude of the first layer which extends close to the ground from 0 to 7 cm has the greatest

amplitude. The deeper you go into the soil, the weaker the annual cycle becomes. The maximum for

the first layer appears in July, for the fourth layer it occurs in September. Deeper in the ground, it also

takes longer before cooling occurs again.

K]

Temperature Mean in Soil Layers 1 to 4

290
layer 1
(0-7cm)
layer 2
(7-28cm)
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Figure 44: Soil temperature climatology for all soil layers from 2000 to 2018.
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5.4 Snow Melt

If[TSHCT]and[LSHCTlare 0 Wm™2 (fulfilled as explained in section on average, should be
balanced by snow melt, which means the part[ST]-[SFHin equation Actually, and [RFlshould
also be part of the snow melt, but due to the fact that they are so small compared to the other two
components they are neglected.

Fig.|45/shows the annual mean values of[Fs,, | in orange and [ST]-[SEin blue. The unit is Wm™2, the
values range between 1,5Wm™2 and 2,5Wm™2. In an area average made for the land surface from
40°N to 90 °N, the two terms are not in balance but very close. The agreement is better at the begin-
ning of the observation period and then gradually becomes worse.

LAND (40°N - 90°N)

2.2

2.0

[Wm™2]

18

16

—— ST-SF
FS ERA

& o o & o
O S A

Figure 45: Annual mean values from 2000 to 2018 of[Fs,, | (orange) and[STHSF| (blue). The averaging
area is land surface from 40 °N t0 90 °N.

Taking a look at the difference between the terms in the area considered in Fig.[45]is quite difficult, as
large regional differences can occur and these disappear on average. Therefore two cutouts are used
to show the regional variations.

The first cutout is northern America (Fig. , an area where as discussed above, the result of different
calculating methods is satisfying. It should be noted here that the scale differs from that of Fig.
and ranges from 1,2 Wm™2 to 2,7Wm™2. The spread between and [ST]-[SEis still there, but the
differences are in about the same value range as in figure
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Figure 46: Annual mean values from 2000 to 2018 of[Fs,,| (orange) and[STUSF] (blue). The averaging
area is northern America.

The second cutout presents Greenland (Fig.[47), an area where the results gained are unsatisfactory.
It should be noted here that the scale differs from that of figures Fig. [45and Fig.[46] and ranges from
—4,0Wm™2 to 6 Wm™2. It is very clear, that in this area the spread is huge with about 10,0 Wm ™2 for
the whole period. This may indicate that the area under consideration is too small after masking and
so equation[24]does not work.

However, the verification of this fact is a major difficulty as observation data for[ST|and[SF]are miss-
ing.

GREENLAND

6 N’/—\N\/\/

[Wm™2]

-4 —— ST-SF
FS ERA
(5] - T %l 3 2} o A Gl O ] " g ¥l I ") © A >
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Figure 47: Annual mean values from 2000 to 2018 of{Fs, | (orange) and[STHSF (blue). The averaging
area is Greenland.
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5.5 Calculation of tendencies

Another point that should be considered is the impact of the tendency calculation method on the
result. So far only analysed state quantities have been used, as discussed in section[4.4.1] A further
option for tendency calculation is the calculation from forecasts, as noted in section Another
opportunity is to calculate the tendency from instantaneous fields as given in section|4.4.2

Fig.[48|shows basically the same curves as Fig.[29] The brown line represents the result for equation
with the tendencies calculated via direct differences from instantaneous fields (eq. . Additionally
the curve for the tendencies calculated with forecast data (eq. is given in light purple.

It is recognizable that the purple line provides much higher values than the other methods from
March to June, which will be discussed below. from instantaneous fields fits to very well
from January to March, but shows significant deviations in the rest of the year.

IFSCALC RiemannHFSCALC,Tmpez
and the brown line show a good agreement from mid-July to early September.

Area Average across LAND 40°N-90°N

(Annual course of the respective monthly means from 2000 to 2018)
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Mean: -2.7 Wm™2
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Mean: 2.7 Wm~2
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Mean: 2.8 Wm~2
FS Forecast
Mean: 6.4 Wm~2
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Figure 48: Comparison of annual cycle for different methods for tendency calculation.

Considering the average of the time series, the annual average should be 0 Wm™2 for a closed system.
The average values given in Fig. |48 show that none of the methods provides a mean value of 0 Wm ™2,
It is noticeable that [Fs|from forecast data delivers the highest mean value of about 6,4 Wm™2, which
is not surprising considering the large deviation from March to June. from instantaneous fields
returns with —1,3 Wm~?2 the value nearest to 0 Wm?, but is like negative which rather speaks
for a cooling off.

Fig. [48| shows that different methods for the calculation of tendencies have a major impact on the
result. It was assumed that the tendencies provided by forecasts should deliver a better fit to If
there is an error in the forecasts, it is going to influence the analysis and reanalysis.
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Figures[49|to [51| show the terms affected by the method of tendency calculation for an area average
of the land surface from 40 °N to 90 °N. The black bars show the tendency calculated from monthly
means as described in section the dark grey bar the tendency calculated from instantaneous
fields as displayed in section and the light grey bar the tendency calculated from forecast data
as presented section|4.4.3

Considering Fig. 49| the black and the dark grey bar show similar values. When averaging the time
series, the average should be 0Wm~™2. The tendency calculated from monthly means (black) with
—0,38 Wm ™2 comes closest to 0 Wm™2. Slightly worse is the mean for the tendency calculated from
instantaneous fields with —0,47 Wm™2. Regarding the tendency of thermal heat content from forecast
data, those values differ from the other methods. From January to August the light grey bars deliver
lager values as the other methods, which may indicate that the soil is warming up more in forecasts
than in analysis. A time series average of 1,04 Wm™2 also suggests that the soil is warming.

LAND from 40°N to 90°N
Tendency of Thermal Heat Content (Riemann Integration)

15
Monthly Means
Mean: -0.38 Wm~2

Instantaneous
Mean: -0.47 Wm—2
10 Forecast

Mean: 1.04 Wm~2

[Wm—2]
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Figure 49: Comparison ofl SHCT] for different methods of tendency calculation. The integration
method used is the Riemann integration.

In Fig.[50]the black and the grey bar behave very similar again. With both methods[LSHCTldisappears
approximately in the temporal average (0,03 Wm™?2 (black bar) and 0,08 Wm~2 (dark grey bar)), which
is a very good result. The calculation of[[SHCTIfrom the forecast data is out of line. The values in
March, April and May differ considerably. In March the values are around 10Wm™2, in April around
30 Wm ™2 and in May around about 20 Wm ™2 larger than those of the other methods. This also affects
the mean of the time series, which is now at 5,69 Wm™2, which means that a closed system can no
longer be assumed. This explains why the purple line in Fig.[48|from March to May differs significantly
from the others. This will be interpreted as more soil ice melting in the forecasts than in the analysis.
This assumption is also consistent with the results as discussed for Fig.[49|above.
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LAND from 40°N to 90°N
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Figure 50: Comparison of LSHCTI for different methods of tendency calculation. The integration
method used is the Riemann integration.

Regarding Fig. the black and the dark grey bar again show a similar course. The mean for the
tendencies from monthly means is 0,1 Wm~2, which is a good result very close to zero. Even better is
the result for the tendencies from the instantaneous fields with 0,09 Wm~2. The tendency calculated
from forecast data shows greater deviations from the other calculation methods. The values are about
1 to 2 Wm™? less per year than with the other methods. The average of the time series shows with
—0,63 Wm™? larger deviations from the desired result.

LAND from 40°N to 90°N
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Figure 51: Comparison ofIST| for different methods of tendency calculation.
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5.6 Verification

Visual comparison between the curves is possible, but some statistical measures should be used for
qualitative description. The correlation coefficients according to Pearson and Spearman are used in
the following, as well as the root mean square error (RMSE) and the mean absolute error (MAE).

The Pearson correlation coefficient explains the variance of one variable by another variable. It has
the property that it is not robust and not resistant to outliers. If the Pearson correlation coefficient is
1, there is perfect linear correlation, if it is -1, the slope of the regression line is negative. According to
Wilks| (1995), the Pearson correlation coefficient can be expressed as given in equation

cov(x,
CORR — Pearson = J (48)
Sx Sy
In equation48} cov(x, y) denotes the covariance of the considered variables x and y, sy is the standard
deviation of x, s, the one of y.

For the Spearman correlation coefficient the data is sorted and the rank of the one variable is corre-
lated with the rank of the other variable. The Spearman correlation coefficient is robust to outliers.
(Wilks}, 1995)

The [RMSEl is calculated by equation 49} the is given by equation [50} taken from [Dorninger
(2019).

1 N
RMSE = | — ) (F;—0;)? (49)
Nizl
1 N
MAE=—)|F;-0jl (50)
Nizl

N is the sample, F; is the forecast data, Whereis used therefore in the following. The observation
data O; is presented by[Fs,;c nieman 11t the following.

According to [Dorninger (2019), [RMSEl and should always be used together. If both are about
the same size so all errors have the same magnitude, iflRMSElis way bigger than[M AE]a high variance
of errors is expected.

If the data points were all located on the red line, perfect correlation between[Fs,,,|and [Fs. ., iemans
would exist. In addition, the distribution of the values of[Fs,, ,|can be seen as a histogram on the right,

a histogram for[Fs,;c riemans 01 the top.

The following figures (Fig.[52} Fig.[53} Fig.[54) present the scatter diagram for an area average of land
surface from 40 °N to 90 °N, northern America and Greenland.
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Fig.[52]shows under consideration of the correlation coefficients a good agreement of[Fs,,|and[Fs_ ., riemanst

As discussed above a value of 1 provides perfect correlation. The difference between[RMSEland[MAE]
is with 3,41 Wm 2 still big, which indicates a large variance of errors.
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Figure 52: Scatter diagram for an area average of land surface from 40 °N t0 90 °N.

For northern America (Fig. the data points fit better to the line. The correlation coefficients
are slightly increased to 0,98 and 0,99. The difference between [RMSE|and [M AElis also better with
1,55Wm 2.
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Figure 53: Scatter diagram for an area average of northern America.
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For Greenland it can be seen that the data points scatter further around the red line, the correlation
coefficients level off at 0,87 and 0,91. If one looks at a regression line through the data points, there is
an underestimation, which means that the values for are too small.
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Figure 54: Scatter diagram for an area average of Greenland.
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6. Conclusion

In the context of this work an energy budget equation for land surface was developed to get an esti-
mate of the net energy flux on surface.

The comparison of the calculated net energy flux to the net energy flux calculated by other methods
showed that the result is generally satisfying, but strongly dependent on the selected area of interest.
So for northern America very good results were achieved, while the results for Greenland were very
unsatisfying.

The masking of areas with no change in leads to a result that showed how sensitive the land
energy budget equation is to the term[S7| Using the mask provided an output which was better suited
to the reference curves in some areas like northern America. Other areas, for example Greenland,
suffered because only a small edge of Greenland remained for the evaluation. It would therefore be
desirable to obtain better information on the inland ice in order to be able to consider the land energy
budget over these surfaces.

Some data is observation-near, such as the [TOAl net radiation or the total energy flux divergence.
Some surface fields are analysed as well such as snow depth or soil temperature. Forecast fluxes, such
as latent and sensible heat fluxes, rainfall and snowfall have highest uncertainty.

Another problem is that different methods for calculating tendencies lead to different results. If the
values of the tendencies calculated from the forecasts differ much from the other tendency calcula-
tion methods, it is likely that there is an error in the forecast model. An example of this is as
discussed in section[4.4] An error in the forecast model leads to an error in the analyses, respectively
reanalyses.

In order to better evaluate this, observational data would be an advantage. However, this is a major
obstacle in the spatial resolution used. What would be helpful and desirable, would be observational
data over a small area where, for example, the ground ice content is measured.

However [SHCT]represents one of the greatest uncertainties, and has the greatest influence to the
energy budget of the land surface. Due to the fact that there is no data available for the soil ice content,
only assumptions can be made, like that it is ice if the temperature is less than 273,15 K. Which brings
us to the next problem, that at 273,15 K the melting process starts. So is at this temperature the soil still
frozen or is only water available? In this thesis the water was assumed to be frozen if the temperature
is definitely lower than 273,15 K.

Another issue is that the soil temperature and moisture are only available up to 289 cm soil depth. To
obtain more accurate results, the soil values would have to be known down to a greater depth.

Regarding an imbalance of 0,6 Wm™2, it would have been expected that the trends in soil temperature
and moisture are more significant. Nevertheless small signs of an increase in soil temperature and a
tendency towards drier soils are visible.
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Abbreviations and Symbols

AET Atmospheric total energy tendency

BOT Bottom of the ocean/land column

Ci Specific heat capacity of ice

Ci Sea ice drift vector

Cp Specific heat capacity of air at constant pressure
Cw Specific heat capacity of liquid water

CERES Clouds and the Earth’s Radiant Energy System (Satellite Data)

CSF Cold snow fall on earth’s surface
C3S Copernicus Climate Change Service
ti Thickness of sea ice layer

d; Snow thickness

dh Differential of enthalpy

ar Differential of temperature

E Evaporation

ECMWEF European Center for Medium-Range Weather Forecasts

ERA5 Fifth generation of ECMWEF atmospheric reanalyses
fi Sea ice fraction

fi Land fraction

fo Ocean fraction

Fa Atmospheric lateral energy transport

Fpg Basal heat flux

F; Latent heat transport associated with sea ice

Fo Ocean heat transport

Fs Vertical net energy flux

Calculated Fg with equationby use of Riemann integration

FSCALC,Riemann

Fscarcreape.  Calculated Fg with equationby use of trapezoidal integration

FSpna Fs parameterized from [ERA5]

) - Indirect calculated net energy flux by the use of the atmospheric column
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h

ho
HTESSEL
IHCT
IFS

k

Ly

Ly

LH

LSHCT

MAE

MET

Psnaw

qg

qi

Gravitational acceleration

Ground heat flux

Enthalpy

Specific enthalpy of water at 0 °C
Improvement of TESSEL scheme

Sea ice sensible heat content tendency
Integrated Forecast System
Atmospheric kinetic energy

Latent heat of fusion

Latent heat of vaporization

Latent heat flux

Tendency of latent soil heat content
Moist static energy

Mean absolute error

Sea ice melt tendency

Energy required for snow melt
Immaterial sourve term

Numerical Weather Prediction Model
Temporal tendency of ocean heat content
Atmospheric pressure

Total precipiation

Snowfall rate

Geopotential

Specific water vapour content
Specific liquid water content

Specific ice content

Density of ice

Density of soil

Density of snow

Density of water
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Radsrc Net radiation on surface

Radsgc Net solar radiation on surface

solar

Radsrc,,,, ., Netthermal radiation on surface

Radroa Net radiation at TOA level

RMSE Root Mean squared error

RF Rain fall on earth’s surface

AS Storage term

SFC Surface (of sea, soil column,..)
SF Snow fall on earth’s surface
SH Sensible heat flux

ST Tendency of latent heat content of snow on earth’s surface
SWE Snow water equivalent

Too Reference temperature

T, Air temperature

T; Temperature of sea ice

To Temperature of ocean

Ty Temperature of precipitation
T Temperature of soil

TESSEL Tiled ECMWF Scheme for Surface Exchanges over Land
TOA Top of the atmosphere

TSHCT Tendency of thermal soil heat content

0; Volumetric soil ice content

Oy Volumetric soil water content

4DVAR Data Assimaliation Method

Horizontal wind vector

<
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