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Abstract

Assimilating synthetic land surface temperature in a fully coupled
land-atmosphere model

The weather of the atmospheric boundary layer significantly affects our life on
Earth. Thus, a realistic modelling of the atmospheric boundary layer is crucial.
Hereby, the processes of the atmospheric boundary layer depend on an accurate
representation of the land-atmosphere coupling in the model. In this context
the land surface temperature (LST) plays an important role. In this thesis, it
is examined if the assimilation of LST can lead to improved estimates of the
boundary layer and its processes.

To properly assimilate the LST retrievals, a suitable model equivalent in the
weather prediction model is necessary. In the weather forecast model of the
German Weather Service used here, the LST is modelled without a vegetation
temperature. To compensate for this deficit, two different vegetation param-
eterizations were investigated and the better one, a conductivity scheme, was
implemented. In order to make optimal use of the influence of the assimilation
of the LST observation on the model system, it is useful to pass on the infor-
mation of the observation to land and atmosphere already in the assimilation
step. For that reason, a fully coupled land-atmosphere prediction model was
used. Therefore, the existing control vector of the assimilation system, a local
ensemble transform Kalman filter, was extended by the soil temperature and
moisture. In two-day case studies in March and August 2017, different configu-
rations of the augmented assimilation system were evaluated based on observing
system simulation experiments (OSSE).

LST was assimilated hourly over two days in the weakly and strongly coupled
assimilation system. In addition, every six hours a free 24-hour forecast was
simulated. The experiments were validated with the simulated truth (a high-
resolution model run) and compared against an experiment without assimilation.
It was shown that the prediction of the boundary layer temperature, especially
during the day, and the prediction of the soil temperature, during the whole
day and night, could be improved. The best impact of LST assimilation
was achieved with the fully coupled system. The humidity variables of the
model benefited only partially from the LST assimilation. For this reason,
covariances in the model ensemble were investigated in more detail. To check
their compatibility with the high-resolution model run the ensemble consistency
score was introduced. It was found that the covariances between the LST and
the temperatures of the high-resolution model run were better represented in
the ensemble than those between the LST and the humidity variables.
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Kurzfassung

Assimilation synthetischer Landoberflachentemperaturen in ein
vollstandig gekoppeltes Land-Atmospharen-Modell

Das Wetter innerhalb der atmospharischen Grenzschicht bestimmt mafigeb-
lich unser Leben auf der Erde. Daher ist eine realistische Modellierung der
Grenzschicht von grofler Bedeutung. Die Prozesse der Grenzschicht sind dabei
von einer genauen Darstellung der Kopplung zwischen Land und Atmosphéare
im Modell abhangig. In diesem Rahmen spielt die Landoberflachentemperatur
(engl. land surface temperature, LST) eine wesentliche Rolle. In dieser Disserta-
tion wird untersucht, ob die Assimilation der LST zu verbesserten Vorhersagen
der Grenzschicht und ihrer Prozesse fiithren kann.

Um die LST nutzbringend zu assimilieren, ist ein geeignetes Modellaqui-
valent im Wettervorhersagemodell erforderlich. Im hier verwendeten Wetter-
vorhersagemodell des Deutschen Wetterdienstes wird die LST ohne eine Vege-
tationstemperatur modelliert. Um dieses Defizit auszugleichen, wurden zwei
unterschiedliche Vegetationsparametrisierungen untersucht und die bessere, ein
Konduktivitatsschema, implementiert. Um den Einfluss der Assimilation der
LST-Beobachtung auf das Modellsystem optimal auszunutzen, ist es sinnvoll,
die Informationen der Beobachtung bereits im Assimilationsschritt an Land
und Atmosphére weiterzugeben. Aus diesem Grund wurde ein vollstandig
gekoppeltes Land-Atmosphéren-Vorhersagemodell verwendet. Dazu wurde der
bestehende Kontrollvektor des Assimilationssystems, ein lokaler Ensemble-
Transform-Kalman-Filter, um Bodentemperatur und -feuchte erweitert. In
zweitdgigen Fallstudien in Mérz und August 2017 wurden auf Basis synthetisch
erzeugter Beobachtungen (engl. observing system simulation experiment, OSSE)
verschiedene Konfigurationen des erweiterten Assimilationssystems getestet.

Die LST wurde im schwach und stark gekoppelten Assimilationssystem
stiindlich iiber zwei Tage assimiliert. Zusatzlich wurde alle sechs Stunden
eine freie Vorhersage mit einem Vorhersagehorizont von 24 Stunden simuliert.
Die Experimente wurden mit der simulierten Wahrheit (einem hochaufgeldsten
Modelllauf) validiert und gegen ein Experiment ohne Assimilation verglichen.
Dabei zeigte sich, dass die Vorhersage der Grenzschichttemperatur, insbesondere
tagsiiber, und die Vorhersage der Bodentemperatur, im gesamten Tagesverlauf,
verbessert wurde.  Die besten Ergebnisse wurden mit dem vollstandig
gekoppelten System erzielt. Die Feuchtevariablen des Modells profitierten nur
teilweise von der LST-Assimilation. Aus diesem Grund wurden die Kovarianzen
des Modellensembles eingehender untersucht. Um ihre Kompatibilitat mit dem
hochaufgelosten Modelllauf zu iiberpriifen, wurde der Ensemble-Konsistenz-
Score entwickelt. Es zeigte sich, dass die Kovarianzen zwischen der LST und den
Temperaturen des hochaufgelosten Modelllaufs im Ensemble besser dargestellt
wurden als jene zwischen der LST und den Feuchtevariablen.
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Chapter 1

Introduction

The planetary or atmospheric boundary layer (ABL) is the lowest layer of
the terrestrial atmosphere. Almost the entire human activity takes place in
this narrow atmospheric layer of about one to three kilometre height. Hence,
weather events in this layer have a direct impact on life, society, agriculture, and
economy. Here, the solar radiation reaches the land surface and the resulting
turbulent energy fluxes make the ABL the most turbulent atmospheric layer
and drive the physical interactions between the soil and the atmosphere. The
processes of the ABL as well as the processes of the sub-surface soil are thus
directly connected to the energy input at the soil. Hence, the development of
the ABL strongly depends on the coupling between soil and atmosphere (Sandu
et al., 2013 Holtslag et al.| 2007; [Koster et al.l 2006). A realistic simulation of
the ABL depends on whether the thermal coupling and the surface processes can
be represented accurately in the model simulation (Trigo et al., 2015; Bosveld
et al., 2014} Reichle et al.| 2010).

Since the atmosphere is a chaotic system, it is not sufficient to only model
its atmospheric processes correctly. In order to do forecasting also the initial
state of the system must be determined as accurately as possible, because any
deviations of the initial state from the unknown truth can grow exponentially.
To put it clearly, even a perfect atmospheric forecast model cannot guarantee a
correct weather prediction if the initial state contains uncertainties. To reduce
errors of the initial model state, observations of the atmospheric state are used.
This is done by combining observations and the predicted model state using
data assimilation algorithms. There are several methods of data assimilation
algorithms such as the variational method - 4DVAR (Talagrand and Courtier,
1987)) - and the sequential ensemble-based methods such as - ensemble Kalman
filter (Evensen, |1994)) - to name the ones most regularly used. Within the con-
text of the ABL, the combination of information from observed and simulated
land surface fields can lead to a more representative estimate of land surface
conditions and boundary layer processes (Ghent et al., 2010; Reichle et al., |2010;
Han et al.| 2013; Margulis and Entekhabi, 2003). In order to allow for a more
accurate coupling of the land-atmosphere, it seems to be useful to introduce the
information of observations into the atmosphere and the soil model. By now,
mainly two possibilities to implement this are subjects of active research: weakly
or strongly coupled land-atmosphere assimilation systems (Penny and Hamill,
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2017)). In weakly coupled systems, the information of the observation is solely
introduced into either the soil or the atmosphere model during the assimilation
step. The observation information is then passed on to the respective other
model in the next prediction step through the coupling between the land and
atmosphere model. In strongly or fully coupled land-atmosphere assimilation
systems, the observation is already introduced into the control state of both
models simultaneously during the assimilation step. Therefore, the assimilation
of land surface observations into a fully coupled land-atmosphere model is ex-
pected to lead to improvements of the initial model state and the forecasts of
the coupling processes and the ABL.

The contributions to the energy budget at the land surface are well-known
and include long- and shortwave radiation, sensible and latent heat flux, and
soil heat flux. The land surface temperature (LST) is part of the surface energy
budget and is thus one of the parameters that define the lower boundary con-
dition of the atmosphere and the upper boundary condition of the soil. Hereby,
LST determines the partitioning of sensible and latent heat flux and determines
the upward thermal radiation. Therefore, improving the initial state of LST in
weather forecast models has the potential to further enhance the representation
of variables and fluxes that are correlated with the LST (Candy et al. 2017;
Trigo et al.| 2015} [Santanello et al., 2013} |[Bosilovich et al., 2007)). To observe the
LST on large spatial scales, remote sensing observations derived by satellites are
best suited (Houser et al., [2010)). Consequently, a comprehensive LST retrieval
can be derived from satellite measurements (Trigo et al., |2008a; |Aires et al.,
2004; |Jin, 2004). Based on brightness temperatures observed by surface or
near-surface sensitive channels of satellites. An enhancement of simulated LST
can improve the simulation of brightness temperatures as well. In consequence,
more brightness temperature measurements have the potential to be used within
assimilation cycles (Trigo et al., 2015).

To also resolve the full diurnal cycle of LST, measurements of geostation-
ary satellites are the best choice, because they measure with a high temporal
resolution. The LST retrievals (Trigo et al., 2008a; [Freitas et al., 2010) of
the measurements of the Spinning enhanced visible and infrared imager (SE-
VIRI) on board Meteosat Second Generation (MSG) (Schmetz et al. [2002)
are a promising option for LST assimilation, offering a temporal resolution of
At = 15min and a spatial resolution of Ax =~ 5km over central Europe.

1.1 Background of Land Surface Temperature
Assimilation

LST retrievals already have been assimilated in offline land surface models to

improve the energy budget at the land surface and the representation of land

surface properties (Pipunic et al., |2008; Reichle et al., 2010; (Ghent et al. 2010;
Huang et al., [2008; Pinjosovsky et al., [2017; Han et al., 2013; Xu et al. 2018).

6
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For example, the LST observations from the International Satellite Cloud Clima-
tology Project (ISCCP) were assimilated into two different land surface models,
which led to enhancements in both models (Reichle et al., [2010). In a further
study, Ghent et al. (2010) assimilated LST derived from the SEVIRI instrument
into the Joint UK Land Environment Simulator (JULES). They were able to
improve the simulated LST, soil moisture, as well as sensible and latent heat
fluxes. [Huang et al.| (2008) combined the assimilation of LST retrievals derived
from measurements of the Moderate Resolution Imaging Spectroradiometer
(MODIS) into the Common Land Model (CoLM) with a simultaneous update
of the leaf area index (LAI) by a MODIS LAI product, which led to an advanced
profile of the modeled soil temperature. In a different approach Pinjosovsky
et al| (2017) carried out LST assimilation to estimate enhanced land surface
model parameters. They were able to improve the surface fluxes of the OR-
CHIDEE land surface model by estimating the most sensitive parameters to the
LST. Han et al.| (2013) assimilated MODIS LST in combination with microwave
brightness temperature into the Community Land Model and found different
impacts on soil moisture and soil temperature profiles. A joint assimilation
was able to realize a more accurate soil moisture characterization under dry
conditions, but under wet conditions the assimilation of brightness temperature
outperforms the joint assimilation. Because the offline land surface models do
not interact with atmospheric models, in all these studies, the impact of LST
assimilation is restricted to soil and land surface variables.

Besides the assimilation of LST into offline land surface models, there are
also studies which investigate the impact of LST assimilation on ABL models
and weakly coupled land-atmosphere models (Boussetta et al., 2008; Zhang and
Zhang), 2010; [Tajfar et al., 2020aj; |(Candy et al., |2017; Margulis and Entekhabi,
2003; Zhang et al., 2013). For example, |McNider et al.| (1994)) assimilated LST
tendencies derived from GOES satellite data into the surface energy budget of a
meso-scale atmosphere model in order to improve the evapotranspiration term
of the budget equation. They were able to get a better agreement with observa-
tions in a one- and three-dimensional test case. Margulis and Entekhabi| (2003)
combined the assimilation of radiometric surface temperature measurements
with the assimilation of standard reference-level temperature and humidity.
With their variational approach they enhanced the estimates of the land surface
fluxes compared to a simple one-dimensional land surface-atmospheric bound-
ary layer model. Improved surface flux estimates were also retrieved by [Tajfar
et al. (2020a). Here, the variational assimilation of LST into the soil heat dif-
fusion equation (Bateni et al., 2013alb) was combined with the assimilation of
reference-level air temperature and specific humidity into an ABL model (Tajfar
et al., 2020b). Within a weakly coupled approach by Bosilovich et al.| (2007)
a bias corrected LST was assimilated into the land surface energy budget of a
land surface model, which was used as a lower boundary condition for an atmo-
spheric model. A positive impact was found on LST, sensible and latent heat
flux, as well as on near-surface air temperature. As another example of a weakly
coupled land-atmosphere LST assimilation, Candy et al.| (2017)) assimilated LST
into a land surface model, whose updated soil temperature and moisture were
used as forcing at the lower boundary of an atmosphere model. They found

7



CHAPTER 1. INTRODUCTION

improvements in near-surface air temperature as well, but the enhancement of
LST assimilation was dependent on the land cover type.

In conclusion, there is potential to benefit from assimilation of LST into soil
and atmosphere models. To further enhance this impact of LST assimilation a
possible step is to use a fully coupled land-atmosphere assimilation framework
(Sgoft et al., 2020), where soil moisture and soil temperature are as well updated
within the analysis step as the atmospheric variables. Another fully coupled
land-atmosphere assimilation system has already been successfully implemented
for soil moisture (Weather Research and Forecasting Model coupled with the
NOAH land surface model, |Lin and Pu, [2018, [2019, [2020). However, the
success of a fully coupled assimilation system depends on the cross-domain
covariances between the coupled models (Smith et al., [2017, 2018; [Sluka et al.,
2016; [Bannister], 2008alb; Ehrendorfer] [2007). Hence, it is crucial to also review
the covariances between the observations and the analysed model variables.

1.2 Goals of this Thesis

With regard to the previous sections, there are still some steps to be taken on
the way to a fully coupled land-atmosphere data assimilation system. The aim
of this thesis is to contribute to this development.

Therefore, an Observing System Simulation Experiment (OSSE, Section[L.3))
is performed to test the performance of LST assimilation into a fully coupled
land-atmosphere system. As the coupled land-atmosphere forecast model the
numerical weather prediction model of the Consortium for small-scale modelling
model (COSMO-model, Baldauf et al) 2011) is chosen. The long-standing
operational model of the German weather service (Deutscher Wetterdienst,
DWD) consists of the atmospheric COSMO-model coupled with its own
multilayered soil and vegetation model TERRA_ML (Doms et al., 2011; |Schulz
et al., |2016). Since the LST retrieval is employed as the assimilated observation
within the experiments, it is important to have a suitable counterpart in the
model. LST observed by satellites is a blended temperature from the soil surface
temperature and the temperature from the vegetation above. Unfortunately, the
COSMO-model provides only a soil surface temperature, which leads to a too
weak diurnal cycle and too warm land surface temperatures at night (Vogel
et al., 2015; Schulz et al., |2016; |Shrestha et al., [2018). Thus, the first questions
to be answered are:

e How to implement a vegetation/canopy temperature parameterization into
the COSMO-model to predict a more accurate land surface temperature?

e Which implementation fits best with the LST retrieval derived from the
remote sensing measurements to get a sufficient model equivalent?

To answer these questions, I collaborated with Jan-Peter Schulz and Jiirgen
Helmert (DWD) and evaluated two different promising parameterizations
(Chapter/p)).



1.3. METHOD - OBSERVING SYSTEM SIMULATION EXPERIMENT

The Kilometre-scale Ensemble Data Assimilation scheme (KENDA, |Schraff
et al. |2016), which is based on the Local Ensemble Transform Kalman Filter
(LETKF,|Hunt et al., 2007) is chosen as the assimilation framework of this thesis
to answer the questions:

e How does the assimilation of LST influence the atmospheric, the soil, and
the land-atmosphere coupling values?

e Does the strongly coupled land-atmosphere assimilation system outper-
form the weakly coupled land-atmosphere assimilation system?

e How do background error covariances influence the impact of LST
assimilation within the fully coupled land-atmosphere assimilation system?

The states of the forecast model, which are directly influenced by the
observations in the assimilation step, are summarized in the control vector. By
extending the KENDA control vector to soil variables, the strongly coupled land-
atmosphere assimilation system is realised. Thus, this thesis takes an important
step towards the fully coupled land-atmosphere assimilation system. The strong
coupling increases the potential to improve the lower atmospheric conditions in
the assimilation step. This will further improve the processes on land surface
and the prediction of the boundary layer.

1.3 Method - Observing System Simulation
Experiment

To get first insights on the impact of the assimilation of the LST retrieval
on the COSMO-model an observing system simulation experiment (OSSE) has
been conducted. Masutani et al.| (2010) give a comprehensive overview on the
workings of OSSEs. Within this OSSE simulated LST observations are used as
input for the data assimilation system to evaluate their impact on the coupled
land-atmosphere system. Furthermore, the OSSE investigates the performance
and workings of the coupled land-atmosphere data assimilation. The synthetic
LST observations are derived from a simulation, which is assumed to be the
truthful state of the system, from here on called the truth or nature run. The
derived LST retrievals are assumed as perfect observations and are adjusted
by realistic observational errors to better mimic real observations. The nature
run of this study is a four-times higher resolved COSMO-model forecast and is
further used to evaluate the analysis and forecasts of the OSSE. The motivation
to conduct an OSSE is based on the following points:

e The truth is known and can be used for the evaluation of the experiments.
e Observations and their errors are well defined and bias-free.

e The evaluation of less observed variables, such as soil moisture, soil
temperature and surface fluxes, is possible.

9
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1.4 Outline

Firstly, within Chapter[2] the coupled land-atmosphere assimilation framework
is explained. The methodology of an OSSE motivates the order of the following
chapters:

e Generation of a nature run (Chapter|3))
e The synthetic observations are derived from the nature run:

o The real LST retrieval is described (Chapter{]).

o The model equivalent of the LST retrieval is implemented and
evaluated (Chapter/d)).

o Based on that knowledge, the synthetic LST retrieval for the OSSE
is generated (Chapter6).

e The synthetic LST is assimilated into the fully coupled land-atmosphere
system and the results of the LST assimilation on the land-atmosphere
system are evaluated (Chapter|7)).

In Chapter[§ an index is derived to allow a qualitative statement about the
ensemble error covariances within the coupled land-atmosphere system. The
conclusions and the outlook are presented in Chapter[d)

This thesis, particularly the main parts of Chapter[7], were the foundation of
the publication by Sgoff et al. (2020). Thus, note that parts of the abstract, of
Chapter[2 to [7 as well as parts of the conclusion in Chapter[9] are published in
Sgoft et al.| (2020)).

10



Chapter 2

Assimilation Framework

The main goal of data assimilation is to retrieve the best possible estimate
of the atmospheric and soil state to initialize a forecast model properly. In
there, observations of the real atmospheric state are combined with short-range
model forecasts taking into account the error of both. Hereby, the forecast
model provides a continuous and high resolution estimate of the atmospheric and
soil state, but the forecast suffers from parameter and forcing errors, simplified
physics, and insufficient model resolution. In contrast, the observations provide
a picture of reality, but are less frequent in space and time. Furthermore,
measurement errors and representativeness errors have to be considered for the
observations. The combination of the information of both by data assimilation
algorithms enables an improved initial state for the forecast model. Hence, the
estimation of land surface processes can benefit from land surface observations,
such as LST, by data assimilation (Houser et al., [2010]).

To keep the mathematics of the data assimilation consistent within this work
the following notation is used:

b

e lowercase bold symbols refer to vectors (x°, x?, ...)

e uppercase bold symbols refer to matrices (Xb, R, ..)

e uppercase italic letters refer to operators (H, M, ...).

The atmospheric state vector x” describes the relevant properties of the
atmosphere, like temperature, pressure, wind, and humidity at each model grid
point. The observation vector y summarizes observations of the real atmosphere,
like the synthetic LST. In combination with their errors, both, the model state
and the observations, contain information about the true state of the atmosphere
x(t). To find the best estimate for a trajectory of the true state {x(t)} over a
certain time period ¢; with j = 1,...,n, a common approach is to minimize the
cost function J(x), which takes the model state and its uncertainty PP, and the
observation and the observational uncertainty R into account:

J({x(t)}) = [x(t) = x"T"(P") 7 [x(t) —x"]

+ Z[Yj — H;(x(t;)]" (Ry) " [y; — H;(x(t;))] - (2.1)

Here x" refers to the background estimate vector or so-called first guess, y, refers
to the observation vector at each time step j, and H;(x(¢;)) is the model state
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projected to observation space using the forward observation operator H;. If the
uncertainty of the model state is large in comparison to the uncertainty of the
observation, the solution of the minimization x?, the so-called analysis, resembles
the observation. If the uncertainty of the observation is large compared to the
uncertainty of the model, the background estimate is nearly unchanged and
hence the analysis is similar to the model.

2.1 Ensemble Kalman Filter

Within this study an ensemble Kalman filter (Kalman, [1960; Evensen, 1994;
Burgers et al., |1998) is used as assimilation algorithm. An ensemble Kalman
filter is a sequential technique to find a solution that minimizes a cost function
(Equation2.1)). Its core idea is to find a model state, which minimizes the
departures between the observations and the model estimate under consideration
of their respective errors. One property of the Kalman filter (Kalman) 1960)) is
that within an assimilation cycle both the state and its covariance matrix are
updated. Any kind of Kalman filter consists of two steps. The first step is
the forecast step, wherein the model state, the former analysis xj_;, and its
associated covariance matrix are transported in time by the forecast operator
M, +; to the next time step ¢;, where the an observation becomes available

X? = Mtjfl,tj (X_lefl) . (22)

As the model state itself, its covariance matrix also has to be transported in
time, but the forecast operator of an error covariance matrix is more difficult
to determine. To reduce computational requirements resulting from integrating
the error covariance matrix in time, it is useful to transport an ensemble of
model states in time. By integrating an ensemble of model states forward in
time, the covariance matrix and the model state are integrated simultaneously
because the error covariance matrix P® can be calculated from the model state
ensemble (Evensen, (1994; Burgers et al., |1998; Evensen, 2003)). In the ensemble
Kalman filter framework the model state is defined as the ensemble mean X".
The second step of each kind of Kalman Filter is the analysis step, where the
model state xg’-, the observations y and their associated covariances, P? and R,
are combined to the new and hopefully improved model state x.

Figure illustrates the forward and analysis step of the Kalman filter
schematically. Because all quantities of the analysis step are valid at time step
7, the time index is omitted for the following description of the analysis step.
The ensemble Kalman filter is based on the traditional Kalman filter analysis
equations

x* = x" + K(y — Hx") (2.3)
P* = (I - KH)P", (2.4)

but the weighting matrix K, also so-called Kalman gain matrix, is derived from
the error covariances provided by the ensemble of model states (Evensenl, [1994;
Burgers et al., [1998)

K = PPH"(HP"H” + R)'. (2.5)

12
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obs. 1w obs. 2M obs. 3M obs. 4w >
N N N N .
time
' ' ' | '

forward step

analysis step

Figure 2.1: Schematic illustration of the Kalman filter work flow.
The model state is forwarded in time towards the next observation.
At each observation time (red cross) an analysis step is performed
and a new initial state is generated to start the next forecast step.

Here, the linear observation operator H is the matrix H relating the unknown
true model state x* to the observations y combined with the measurement error
€

y =Hx"+e. (2.6)

The observation error covariances R are based on the knowledge about and the
estimation of measurement and representativeness errors. The background x",
also known as first guess, is estimated by the sample mean of the background
ensemble {x"®) : i =12, ..., k} (Evensen, 2003; Hunt et al., 2007)

k
X =k xP0 (2.7)
i=1

As well as the background, the analysis x* is estimated by its sample mean

k
X' =k xM (2.8)
=1

The calculation of the analysis ensemble is described in Section 2.2 The
sample error covariance matrices of the first guess PP and of the analysis P?
are estimated by

P’ = (k—1)7" Ek:(xb(“ - x")(x" —x)T (2.9)

P" = (k- 1)‘1;('01(Xb)T (2.10)
and

P = (k—1)"" zk:(xa@) —x)(x*@ —x)T (2.11)

P* = (k — 1)1;(:al xX*)T (2.12)

where k is the ensemble size and the k columns of the X" matrix and the X?*
matrix represent the deviations of the background xP® and analysis ensemble

13
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members x*? from the background X" and analysis ensemble mean X* (Hunt
et al., [2007)):

X2 (i) = x*0 —x*. (2.14)

2.2 Kilometre-scale Ensemble Data Assimila-
tion

The data assimilation system used within this work is the kilometre-scale en-
semble data assimilation system (KENDA, Schraff et al. (2016))), which is based
on the local ensemble transform Kalman filter (LETKF) as derived by Hunt
et al. (2007). The LETKF is an advanced version of the ensemble Kalman filter
described in Section 2.1} The forward step is performed by the COSMO-model
(Chapter[5)) and simultaneously the model equivalents of the observations Hx"
are computed. Thus, the KENDA system is four-dimensional data assimilation
scheme: a 4D-LETKF (Schraff et al. 2016). The analysis step is performed by
the KENDA system hourly. For this purpose, the synthetic LST observations
(Chapter@ and the simulated first guess LST are used by KENDA to get the
best estimate of the initial conditions for the next forecast step. The COSMO-
model is also used for 24 hour forecasts which are initialised every six hours
starting from the analysis. Because the COSMO-model is a limited-area model
boundary conditions are provided by the ICON-EU model (Zéangl et al., 2015).
Figure2.2 illustrates the setup of the assimilation framework schematically.

Observations

l Boundary Conditions

Initial Conditions 24 hour forecast
KENDA — COSMO | cecmmmeemmee >
Background/ 1 hour forecast

First Guess

Figure 2.2: Scheme of the employed 4D-LETKF assimilation
cycle. An analysis cycle is performed hourly. The observations,
i.e. the synthetic LST retrieval, are valid for the same time as the
background. The boundary conditions are provided by the European
forecast of ICON-EU. At 0000, 0600, 1200, and 1800 UTC 24 hour
forecasts are initialized from the analysis.
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2.2. KENDA

The transformation of calculations to the k-dimensional ensemble space is
the main feature of the LETKF (Hunt et al., 2007). By this transformation
computational efficiency is gained compared to calculations performed in the
higher dimensional physical space of a weather forecast model. To find the
best-fitting state, the cost function

Jw)= (k=1)(w'w)+ [y’ - HE - X"w)]"R7'[y’ — H(X" - X"w)]
(2.15)

is minimized in ensemble space (Hunt et al., 2007 Szunyogh et al., |2008). Here,
w is the k-dimensional vector of ensemble weights, which corresponds to the
model state vector

x =% + X w. (2.16)

R is the observation error covariance matrix and y° is the observation vector.
By choice, the nonlinear observation operator H is linearly approximated by

H(X +Xw) ~ 7° + Y’w, (2.17)

with ¥ as the background mean in observation space and the &k columns of Y
represent the deviations between the ensemble member in observation space y>®
and the ensemble mean y°. With the linear approximation of the observation
operator the cost function Equation[2.15] gives

Jw)= (k-=1DWwW'w) +[y’ -5 - Y'DW]TR_l[y0 —y — wa] . (2.18)

If the analysis W*, which minimizes Equation[2.18] is found, then the solution
of the cost function in model space is given by

X =% + X"w (2.19)

with
W' = PL(Y") Ry —5). (2.20)

The analysis update of the background error covariances in ensemble space P%
leads to

P2 =[(k— DI+ (Y)'TRY]! (2.21)

which is
P* = X"P2 (X")T (2.22)

in the model space. The analysis ensemble to initialize the next forecast step
is generated such that X* is the ensemble mean and P* the covariance of the
ensemble. To ensure that the analysis ensemble {x*® : i = 1,2, ...k} in model
space satisfies these conditions the background mean is a linear combination of
the background ensemble deviations weighted by w*® (Hunt et al., 2007)

x*0) =g XPwr® (2.23)

with
w@ = 7 + W2(i) (2.24)
W = [(k—1)P2]Y/2. (2.25)
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CHAPTER 2. ASSIMILATION FRAMEWORK

The KENDA system is a 4D-LETKF system. For each observation within the
first guess interval a model equivalent is simulated at the appropriate time.
Therefore, the weighting of ensemble members is based on observations measured
over the whole first guess time window. The KENDA-system is operational since
March 2017 at the DWD. Its forecast model is the COSMO-model and in the
operational setup an ensemble of £k = 40 members is calculated. In this work, a
40-member ensemble is used as well. In addition to the 40 ensemble members,
the KENDA-system also includes a deterministic run which employs the Kalman
gain matrix from the LETKF (Zhang et al., 2004; Whitaker and Hamill, 2012;
Harnisch and Keil, [2015; Schraff et al.| |2016). To prevent the analysis ensemble
from losing to much spread the analysis ensemble is perturbed after each
assimilation step. In contrast, the deterministic run is not perturbed, therefore,
it provides a more realistic representation of the atmospheric state than the
ensemble. Furthermore, the deterministic run provides a better representation
of moist processes, such as clouds and precipitation, than the ensemble mean,
because these fields are smoothed in the analysis ensemble mean due to the
averaging. The analysis x3., of the deterministic assimilation cycle is calculated
by

X?iet = Xget + K(yo - H(Xget)) (226)

with the Kalman gain matrix for the ensemble mean K = X"P*(Y")TR™!.

To avoid spurious correlations due to sample noise given by the small ensemble
size a spatial localization is implemented. This means that for each analysis
grid point the weighting matrix takes only local observations into account. The
localization is implemented by a localization of the observation error covari-
ance matrix R. Hereby, the entries of the inverse of R are multiplied by a
factor which decreases with the increase of the distance between observation
and analysis grid point. This factor is determined by the Gaspari-Cohn cor-
relation function (Gaspari and Cohnl 1999). The localization length scale of
the implemented Gaspari-Cohn correlation function depends on the observa-
tion system and differs between the horizontal and the vertical direction. The
optimal localization depends on the density and the quality of the assimilated
observations. Within this OSSE study, only the LST retrieval is assimilated.
The LST retrieval depends in part on the land surface properties, which can
change within a few meters to kilometers. That is why in this work the hor-
izontal localization-scale is set to a constant value of 5.5km, which translates
a localization cut-off at about 20 km. The operational system has an adaptive
localization scale depending on the effective number of observations, where the
localization radius varies between 50 km and 100 km (Schraff et al., [2016)).

The assimilation is performed on the analysis grid which is horizontally three
times coarser than the model grid. This is possible because the weighting field
of the analysis state {w®® :4 = 1,2, ..., k} varies smoothly over short distances.
Therefore, the weighting field is computed on the coarse analysis grid and
spatially interpolated onto the fine model grid afterwards to save computational
time (Yang et al., 2009). The vertical coarse analysis grid of the atmosphere
has 35 pressure levels with a higher level density close to the surface to better
represent the covariances of variables within boundary layer, i.e. the experiments
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are more resolved than the operational setup with 30 vertical analysis levels.
Within the soil the vertical analysis grid is equivalent to the model grid.

2.3 Augmented Control Vector

One important part of this work is the evaluation of the strongly coupled
data assimilation in the land atmosphere system. To achieve the strong cou-
pling, the control vector of the KENDA system is augmented by the prognostic
soil moisture and soil temperature. Both soil variables are simulated by the
COSMO-model’s own vegetation and soil model TERRA_ML and are not part
of the operationally implemented control vector. In addition to the operational
set of atmospheric variables (temperature, wind, pressure and specific humid-
ity), the soil temperature and the soil moisture can now be updated with each
assimilation cycle. The vertical localization in the soil differs from the vertical
localization of the atmosphere. As in the atmosphere the vertical localization
is also implemented by the Gaspari-Cohn correlation function (Gaspari and
Cohnl, [1999)), but here the localization-scale L has been set to 0.2m. Thus, the
impact of LST on the soil is visible in the upper five soil layers of TERRA_ML.
This has been chosen because the upper five soil layers represent a soil depth
of approximately 1m. Soil layers below a depth of 1 m are nearly unaffected by
temperatures of the land surface within time scales of days. It has been found
that a localization-scale of L =0.2 m represents this behaviour satisfactory (Fig-

ure[2.3)).

Gaspari-Cohn Function (Soil)

-- chosen impact depth

) L =0.1m
3 L =0.15m
® —— L =0.2m
8 41
= L = 0.25m
i L =03m
@ L = 0.35m
L =0.4m
61 L = 0.45m
L =0.5m

-~

0.0 0.2 0.4 0.6 0.8 1.0
Localization

Figure 2.3: Evaluation of vertical localisation within the soil
depending on different localization-scales L.

With the augmented control vector the assimilation of LST can now affect
the atmosphere and the soil simultaneously. Because the variables of the control
vector can be freely chosen, different control vector settings can be evaluated

(Section[7.3).
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Chapter 3

Nature Run

Within this study two so-called nature runs were carried out. They were as-
sumed to be the true state of the atmosphere and soil during the two different
study periods. From these nature runs the synthetic LST observations were
derived. Besides the generation of synthetic LST observations the nature runs
were also used for the evaluation of the assimilation experiments.

Because the intermittent states of the nature runs were assumed to be the
true states of the atmospheric and soil system they have to represent the at-
mospheric behaviour in a realistic way. Both nature runs were realized with
the COSMO-model Version 5.4c including the skin conductivity scheme (Sec-
tion, which was also used for the data assimilation system. To reduce the
potential of overly optimistic results, a common way is to produce the nature
run at a high spatial resolution and the data assimilation experiments at a
lower spatial resolution. On that account the performed nature runs were of
four times higher horizontal resolution than the forecasts of the data assimi-
lation system and thus had a horizontal resolution of 0.7km. Consequently,
the setup of the turbulence and radiation parameter schemes were adapted to
the higher resolution. That means, that the radiation scheme was called every
three forecast minutes - that is five times more often than in the operational
COSMO-DE setup - and the TKE-based turbulence parameterisation took into
account TKE advection and horizontal diffusion of TKE (Table[3.1] based on
Blahak (2015)).

To enhance the impact of the assimilation of LST two periods with mainly
clear-sky conditions in 2017 were chosen. The absence of clouds increases the
available real and synthetic LST retrievals because their amount is limited by the
cloud cover (Figure[3.1). Furthermore, in March 2017 the assimilation system
KENDA (Schraff et all [2016) became operational and provides a high-quality
initial ensemble for the assimilation cycle. The first nature run is a four-day
free-running simulation without any data assimilation in March 2017. These
four days from March 25 to March 29, were chosen because of a large high-
pressure system over Europe, which lead to several clear-sky days (Figure[3.14)).
The second nature run is a four-day period from August 26 to August 30, 2017
and also mainly cloudless (Figure[3.1D)).



Table 3.1: Adapted namelist setting of nature run, changes for
turbulence parameterization are based on Blahak (2015).

] Name \ Value \ Definition \
dt 5) time step in seconds
dlat, dlon 0.00625 horizontal grid spacing
[degree]

nincrad 36 interval between two
calls of radiation
scheme (36 - dt = 180s)

itype_turb 3 Prognostic TKE scheme

Iprog_tke True TKE advection turned
on

13dturb True 3D turbulence scheme
turned on

Cloud Free Area Cloud Free Area
90% 90%

70%

70%

50%1 50%

30%1 30%/1
10% 10%

03-25 03-26 03-27 03-28 03-29 08-27 08-28 08-29 08-30
(a) (b)

Figure 3.1: (a) Amount of cloud-free area of the nature run during
the early spring experiment period (March 25 0000 UTC to March
29 0000 UTC, 2017) and (b) during the summer period (August 26
1200 UTC to August 30 1200 UTC, 2017).

The model domain of the experiments is located around Lindenberg, a DWD
measurement site 70km south-east from Berlin. The area covers the north-
eastern part of Germany and small parts of Poland and the Czech Republic
(Figure. This part of the model domain is interesting because of the
measurement site, whose data can be used for validation in a later study
assimilating real LST retrievals. Furthermore it is advantageous, that the
Earth surface height is mainly close to sea level, only in the south-eastern
part of the experiment area some small mountains rise up to 1200m. High
mountains increase the error of the LST retrieval. This is because, within one
satellite pixel mountainous regions have a more heterogeneous surface height and
characteristics and thus scatter the radiation more than flat terrain. Another
disturbing factor, which occurs more frequently in mountainous regions, is snow.
Snow and clouds reflect the solar radiation in a similar manner and because of
that cloud detection errors may show up more often in mountainous areas. The
main part of the model domain is covered by forests with some agricultural
landscape in the south-west. Several small and big lakes are distributed around
the area. Because of less memory requirements, the smaller model domain allows
more experiments than experiments on the full COSMO-DE domain. Also the
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CHAPTER 3. NATURE RUN

model domain of the experiment domain conveys more information than a single-
column model. The initialization and the boundary conditions for the nature
run are gained from the COSMO-DE analysis interpolated to the smaller model
domain and to the horizontal resolution of 700 m.

12°F 14°F 16°F

0 100 200 300 400 500
Model Orography [m]

Figure 3.2: Surface height of model domain around the Lindenberg
observatory (label and white triangle). White areas denote lakes.
The white area on the bottom right is a mountainous region above
500m height.
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Chapter 4

Observational Data

Because LST is a crucial variable of the energy budget at the land surface it was
chosen as first observation to test the fully coupled land-atmosphere assimilation
system. Surface sensitive satellite observations are used to derive LST retrievals.
One LST product is provided by the Land Surface Analysis Satellite Application
Facility (Land-SAF, Trigo et al) 2011). This LST retrieval (Trigo et al., |2008a;
Freitas et al} [2010) is based on measurements of the Spinning Enhanced Visible
and Infrared Imager (SEVIRI) on board of the geostationary Meteosat Second
Generation (MSG) satellites (Schmetz et al., 2002).

4.1 SEVIRI - Instrument

MSG are a generation of European geostationary meteorological satellites. MSG
satellites are spin stabilized and have a rapid imaging-repeat cycle of 15 minutes.
The line-by-line scanning radiometer provides image data in twelve spectral
channels over the whole MSG disk centered at 0° longitude. The observed
image data contains Africa, Europe and parts of Asia and South America with
a resolution of about 3 km at subsatellite point. Over Germany, the resolution is
about 5km. SEVIRI has thirteen spectral channels including a high-resolution
visible channel. Eight of the channels are infrared (IR) channels in the range
of 3.9pm to 13.4pm and four channels are visible and near-infrared (VNIR)
channels in the range of 0.4um to 1.6 pm. Each 15 minutes SEVIRI produces
an image based on the last repeat cycle. Therefore, the LST product is also
available every 15 minutes in near real time and offline.

4.2 Land Surface Temperature Retrieval

The LST retrieval, provided by the Land-SAF, is obtained from two channels
within the thermal infrared atmospheric window: MSG/SEVIRI channel 9, cen-
tered at 10.8 pm (IR10.8), and MSG/SEVIRI channel 10, centered at 12.0 pm
(IR12.0). Both channels provide surface and near surface information because,
in the absence of clouds, they are most sensitive to the surface and the lower
part of the troposphere.
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Clouds and aerosol layers can contaminate the observations and are a natural
limitation of retrieval availability. They can block the signal from the surface
or modify it due to absorption or scattering of the IR radiance. The absence of
clouds is necessary to get an accurate LST retrieval. For that reason, the LST
retrieval is derived for clear-sky pixels only. The clear-sky regions of the MSG
disk are identified by the NoW Casting SAF, which provides a cloud mask for
SEVIRI over Europe (NWC-SAF| 2016).

The retrieval itself is derived by a generalized split-window algorithm similar
to the algorithm proposed by [Wan and Dozier| (1996) for the Advanced Very
High Resolution Radiometer (AVHRR) and MODerate resolution Imaging
Spectroradiometer (MODIS) data. The algorithm is adapted to SEVIRI
measurements and the LST retrieval is estimated by a linear function of two top-
of-the-atmosphere (TOA) brightness temperatures of the split-window channels
IR10.8 and IR12.0. The derivation has to take into account the spectral
emissivities of different surface types, the atmospheric state, especially the water
vapor content, and the orography. The surface orography can change with the
viewing angle of the satellite. The surface emissivities are also derived by the
Land-SAF. The estimation is based on the Vegetation Cover Method (VCM)
approach (Caselles et al., [1997; [Trigo et al., 2008b). Under the assumption of
flat surfaces and the neglect of indirect radiation, which reaches the sensor, two
types of emissivities are taken into account, the vegetation ¢;, and bare ground
€4 band-emissivities on channel 7. Both together are combined to one effective
surface emissivity of each satellite pixel:

€ pizel = éi,vFCV + Ei,g(l — FCV) . (41)

The fraction of vegetation cover (FCV) is obtained from Land-SAF (Verger
et al., 2009; [Trigo et al) 2011) and used here as the weighting function of
the two emissivities (Peres and DaCamara, 2005 [Trigo et al., 2008b). The
emissivity € = 0.5(¢e108 + €12.0) and the difference between the two emissivities

Ae = €198 — €120 are used together with brightness temperature of both channels
(Tblo_g and Tblz_o) to determine LST:

1—c¢ AE Tblo,g + Tblg,o

LST =(A1 + Ay—— + A3 —) 5 (4.2)
1— Ae Tbypg —Th
+(Bl+32 6+B3€_2€) 10.82 12'0—1—0

The coefficients A;, B; and C', with i« = 1,2, 3, of the split-window algorithm
are determined on the basis of the LST calibration data by fitting Equation
to this database. The LST calibration data is based on global profiles
of temperature, moisture and ozone (Borbas et al., 2005, which represent
a wide range of atmospheric states under clear-sky conditions. This
atmospheric profiles are assigned to different satellite viewing angles, land
surface temperatures and emissivities to simulate a realistic range of measured
brightness temperatures at TOA of SEVIRI channel 9 and 10. The simulation
is done with MODerate spectral resolution atmospheric TRANSmittance
algorithm (MODTRAN4) (Berk et al., [2000).
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4.3 Error Estimation of Land Surface Temper-
ature Retrieval

The uncertainty of the LST retrieval is given by an observation error and
a quality flag at each satellite pixel. The uncertainty of LST consists of
several error sources: sensor noise, uncertainties from the surface emissivity
estimation, inaccurate atmospheric water vapor profiles and errors due to the
generalized split-window algorithm itself (Freitas et al., [2010). Another crucial
error source is incorrect cloud detection. The used NWC-SAF cloud mask
for SEVIRI has a validated accuracy on the order of 97 % (NWC-SAF| 2016).
That leads to a LST uncertainty between 1 - 2K for most areas on the MSG
disk, including all mentioned sources of errors (Freitas et al., 2010). The LST
retrieval is validated against remotely sensed data of MODIS (Trigo et al., | 2008a)
and in-situ measurements (Gottsche et al., 2013). The comparison of LST
derived from different remote sensing observations shows a better agreement
over homogeneous terrain and at night-time. The overall differences between
the observed data sets are lower or in the same range as the uncertainty of the
LST retrieval (Trigo et al., [2008a; Gottsche et al., |2013).
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Chapter 5

Model Equivalent of Land
Surface Temperature

The land surface temperature (LST) is a crucial component of the surface en-
ergy budget. LST influences the surface turbulent heat fluxes, the planetary
boundary layer evolution and convection. As a central component of the sur-
face radiative processes the accuracy of simulated LST depends on physical
processes of clouds, radiation, soil moisture and precipitation (Bosilovich et al.,
2007). In numerical weather models, LST can be seen as the radiative temper-
ature of the model surface. Within this study the non-hydrostatic limited area
COSMO-model (Baldauf et al., [2011)) is used as forecast model. It has been
developed by the Consortium for Small Scale Modeling (COSMO; see online at
http://www.cosmo-model.org/), a group of meteorological services from Ger-
many, Greece, Israel, Italy, Poland, Romania, Russia, and Switzerland. The
following experiments are carried out with an extended COSMO 5.04¢ version.
The representation of LST is kept fairly simple within the formerly operational
COSMO-model. In there, the surface temperature refers to only two surface
conditions: bare soil and snow. That means, all vegetated areas are also treated
as bare soil and shading or insulating effects due to vegetation are not considered.

This simplification differs distinctly from the actual satellite observations.
The corresponding channels of the SEVIRI instrument detect infrared radiation
reflected and emitted by the top level of the land surface. Therefore, the ob-
served temperature is a merged value of canopy, bare soil and snow temperature.
The simple parameterization of LST in the COSMO-model is one potential rea-
son why the modeled and the measured LST differ from each other. Figure [5.1
shows the averaged diurnal cycle of LST over Germany for four days in July
2015. The simulated LST shows a smaller amplitude of the daily cycle compared
to the satellite retrieval. The underdeveloped amplitude of the diurnal LST cy-
cle is a known problem of the COSMO-model (Vogel et al. 2015). Within the
COSMO-model, LST set equal to the temperature of the topmost soil layer,
hence it has a certain thickness and a higher heat capacity/conductivity to lower
layers than the canopy top, where the satellite observations are located. The
higher heat capacity is one possible reason for the under-expressed diurnal cycle.

To overcome these deficiencies and to get an improved model equivalent



5.1. COSMO VERSION 5.04(C)

for the assimilation of LST two different wvegetation schemes are reviewed in
the following chapter. The structure of the chapter is as follows: Sectionfs.1
summaries the current representation of LST in the COSMO-model. Section[5.2
describes the vegetation scheme based on a prognostic vegetation temperature
and Section[5.3] describes a vegetation scheme based on a skin layer above the
soil surface. The comparison of both schemes and the current implementation
is presented in Section/5.4]

— LST COSMO-DE e o [LST Satellite Retrieval

01.07.2015 02.07.2015 03.07.2015 04.07.2015

Figure 5.1: Domain-averaged skin temperature over Germany.
Compared are the diurnal cycle of the LST satellite retrieval (red
dots) and simulated LST (black line) over a four day period in July
2015. These four days (01.07.2015 - 04.07.2015) were chosen because
the majority of Germany was cloud-free during this period. The
domain average is calculated from all pixels, where both the model
and the observation are cloud-free.

5.1 Land Surface Temperature in COSMO
Version 5.04(c)

The starting point for the vegetation scheme experiments is COSMO version
5.04c. The model includes a three-dimensional wind vector, temperature, pres-
sure (deviation from a reference state), turbulent kinetic energy (TKE) and
specific contents of water vapor, cloud water, cloud ice, rain, snow and graupel
as prognostic variables. The prognostic equations are solved on an Arakawa
C-grid and the coordinate system has rotated geographical coordinates with a
generalized terrain-following height coordinate. The atmosphere is represented
by a hybrid grid with terrain-following layers close to the surface of the Earth
and horizontally flat model layers in the stratosphere above. The horizontal
resolution of the model grid in the applied simulations is 2.8 km with 50 vertical
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layers. With this resolution deep moist convection is assumed to be be explicitly
resolved.

The calculation of the LST itself is part of the multi-layer soil and vegetation
model TERRA_ML (Doms et al., 2011 Schulz et al., 2016; Shrestha et al.,
2018). Within TERRA_ML thermal and hydrological processes within and
between the soil and a optional snow layer are calculated, respectively. For
this purpose, a separate set of equations is provided and solved simultaneously.
LST depends mainly on the thermal processes (Figure.2)) and results from the
upper boundary condition of the soil temperature. The evolution of temperature
in the soil is based on the heat conduction equation

0T 10 (AaTSO)’

= — 5.1
ot pc 0z 0z (5.1)
where T}, is soil temperature, pc is heat capacity and A is heat conductivity.
Both pc and A\ depend strongly on the eight different soil textures included in
the soil model: sand, sandy loam, loam, loamy clay, clay, ice, rock and peat.
Their properties are based on the Digital Soil Map of the World, which has a

resolution of 10km (Sanchez et al., 2009).

The soil is represented by a vertical layer structure. Here, seven active
thermal layers at 0.01, 0.03, 0.09, 0.27, 0.81, 2.43, and 7.29m and one inactive
climate layer as constant lower boundary at 21.78 m depth are chosen. The
temperature of the climate layer is the annual mean near-surface temperature.
In reality, the annual temperature amplitude at 7.29 m is quite small, therefore a
constant boundary layer below this depth may be safely used. The hydrological
part of the soil has only six active layers based on the same layer structure as
the thermal part (Figure. The lowest hydrological layer in a depth of 2.43 m
accounts only for the downward gravitational transport, which contributes to
the runoff.

The upper boundary condition of the soil model TERRA_ML is described
by the coupling between the soil and the atmosphere. Radiation and sensible
and latent heat fluxes contribute to the coupling between soil and atmosphere.
LST is computed based on the energy budget calculation of the upper boundary
condition. In its simplest form, the land surface temperature is determined by
the bare soil temperature, neglecting impact of vegetation:

T, = 1 (TSO)kZQ — (Tso)kzl
( ot )kzl T pe(Az) A e~ o + G| . (5.2)

Here k determines the level of a soil layer. The medium depth of a layer is 2,
and the layer thickness is Az. The upper soil boundary heat flux Gy is given by

Gs = H,+ Ly + Rng + Gp + Gsnow,melt ) (53)

with Hg as sensible heat flux, Ly as latent heat flux, and Rng as net radiation
at the surface. Effects of freezing rain and melting snowfall are represented by
the term G,. The soil temperature changes due to snow melt processes are
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o radiation sensible and
radiation _ latent heat flux
sensible and
latent heat flux
snow store snow soil
0.00m i
0.01m heat exchange
0.03m
0.09m
0.27m
0.81m
| soil heat flux

243 m l

heat release by

freezing/melting

7.29m

21.87m

Figure 5.2: Layer structure of soil temperature and energetic
processes considered by TERRA _ML. The size of the soil layers
increases exponentially with depth. The top soil layer has a depth of
0.01 m, meanwhile the undermost layer is of 14.58 m vertical width.
Between the soil layers a vertical exchange of energy takes place
via the soil heat flux. Further, heat can be released by freezing
and melting processes. The upper boundary of the soil model
is determined by the exchange fluxes with the atmosphere above.
The bare soil and the snow cover interact with the atmosphere by
radiation fluxes, sensible and latent heat fluxes. An energy exchange
between snow store and top soil layer is also considered. Adapted
from [Doms et al.| (2011)).
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represented by Ggnow meit- The sensible heat flux Hy is taken from the surface
layer parameterisation of the COSMO-model:

H, = —pep Gy |on (0 — T) (5.4)

and depends on the bulk-aerodynamic transfer coefficient for turbulent heat
exchange at the surface C, the atmospheric density p, the specific heat Cp,
and the absolute horizontal wind speed at the lowest atmosphere level, given by
lvn| = Vu? +v?, where u is the zonal and v is the meridional wind speed.
Furthermore, the sensible heat flux depends on the temperature difference
between the bare soil surface temperature 7, and the temperature of the lowest
atmospheric level 67, derived from the potential temperature at the lowest
atmospheric level # and the Exner-pressure at the surface m,. Hereby, the
surface temperature 7; influences the land surface flux and the coupling between
atmosphere and soil. The latent heat flux is also determined by the surface layer
parameterisation of the COSMO-model:

Ly = —pClloy|(¢" — ¢) (5.5)

which depends on the bulk-aerodynamic coefficient for turbulent moisture trans-
fer at the surface C’g, the specific latent heat L., the atmospheric density, the
absolute horizontal wind speed, and the difference between the specific humid-
ity at the lowest atmospheric level ¢ and the specific humidity at the surface
¢¢. In the current COSMO version Cif = C¢ is assumed. The computation of
evapotranspiration is divided in bare soil evaporation (Schulz and Vogel, [2020))
and transpiration from plants (Noilhan and Planton, |1989).The net radiation
budget at the soil surface is determined by the J-two-stream method of Ritter
and Geleyn, (1992)).

In general, the land surface temperature of TERRA_ML is a weighted
temperature T, of the bare soil temperature 7Ty and the snow surface temperature
Tsnow:

Tg = (1 - Asnow)jjs + AsnowTsnow . (56)

5.2 Canopy Scheme

As Section [5.1]illustrated the COSMO-model lacks the impact of vegetation on
the radiation budget and the sensible heat flux in the current operational model
version. To take this effects into account a canopy temperature is one option
to extend the existing TERRA_ML. One specific approach is the resistance ap-
proach from the AMBETI-model (Braden, 2012)). The version examined within
this study is developed for needle leaf forests and the prognostic canopy tem-
perature equation is based on on the implementation of the land-surface scheme
of the regional climate model developed by the Rossby Centre (Samuelsson
et al., 2006)). Jirgen Helmert (Deutscher Wetterdienst, DWD) implemented
this parameterisation as a potential canopy scheme in an experimental version

of the COSMO-model.
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The scheme includes surface fluxes and temperatures at the top surface of
the canopy and at the canopy floor. While the soil of the COSMO-model
is separated in several layers, the vegetation is considered as a single layer
on top of the soil layers. Hence, the vegetation layer has an impact on the
upper boundary condition of the soil and the lower boundary condition of
the atmosphere. Like TERRA_ML, the vegetation model is a one-dimensional
model and only vertical motions and transports are considered. The resistances
to derive the aerodynamic transports are based on the idea of Ohm’s Law in
electricity, which is a common approach in agrometeorological models. Simply
put, the flux density of a transport fluxes ® equals the concentration difference
Ac divided by the aerodynamic resistance r,:

T (5.7)

Ta

Hereby, the aerodynamic resistance r, substitutes the diffusivity K of the free
atmosphere, the vegetation, or other substances of the vegetation system by the
integral of the reciprocal diffusivity:

m:/%@. (5.8)

The diffusivity term K represents the eddy diffusivity as well as the molecular
diffusivity.

Figure 5.3: ’No-micro-climate’ resistance approach of canopy
scheme : architecture of the aerodynamic resistances
for the sensible heat fluxes. The resistances are split in a resistance
for the vertical turbulent transport above the canopy layer r, and
within the canopy r,., and resistances for laminar transport at the
canopy surface r,, and the soil surface 7,5. Tiow is the temperature of
the lowest atmospheric level, Tt,y,, is the temperature of the canopy
top and Ty is the temperature of the soil surface.
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The main advantage of the resistance formulation is that fluxes in a network
can be calculated with Kirchhoff’s law. Here the 'no-micro-climate’ version
(Braden, 2012) of the vegetation model is implemented, which means that the
turbulent vertical fluxes from the soil surface and from the plants are calculated
separately.

The total flux at the top of the canopy Geanp depends on the radiation budget
Rnicanp, the sensible heat flux H.anp, and the latent heat flux Leay,, at the top of
the canopy

Gcanp = Rncanp - Hcanp - Lcanp . (59)

The time evolution of the temperature at the top surface of the canopy is
determined from the total flux and the heat capacity of the forest canopy Ceanp
(Samuelsson et al., [2006)):

0T canp 1
= G anp - 5.10
at Ocanp P ( )

Here, Ceanp is calculated from the vegetative heat capacity Cieg = 2.7 - 103
J-kg™- K~ (Verseghy et al., |[1993), the standing mass of needle leaf forest Wi,
(Verseghy et al., [1993)), the volumetric heat capacity of the intercepted water
Cwpw and the intercepted water weanp:

C1canp = Cvevieg + prwwcanp . (511)

That means, that apart from the vegetation itself also the water collected by the
plants weanp has an impact on the heat capacity and the canopy temperature
evolution. The sensible heat flux Hcan, at the top of the canopy depends
on the temperature difference between the canopy temperature Tt,,, and the
temperature of the lowest atmospheric level T},,. With the density p and the
specific heat ¢, of air, that leads to

Tiow - Tcanp

Tap + 7y

Heanp = pcp (5.12)

The resistances of the sensible heat flux equation consist of the laminar resis-
tance at the top of the canopy r,, and the resistance for the turbulent vertical
transport between the lowest atmospheric level and the canopy surface r,.

The solar and thermal radiation at the top of the canopy depend on the
vegetation coverage. There are several possibilities to describe the vegetation
cover. Here the sky view fraction

x = exp(—0.5-TAI) (5.13)

is used, which is defined as the fraction of the sky seen by the ground under the
canopy (Verseghy et al., [1993). The Transpiration Area Index TAI is derived
from the Leaf Area Index (LAI) by TAI = Ayee - LAI with A, as fractional
vegetation cover. The LAI is a dimensionless quantity and defined by the leaf
area per unit surface area. A high LAI can exceed the value one, if there are
several leaf layers over one unit surface. A high LAI or TAI leads to a strong
attenuation of the sky view fraction. High TAI and low x are found, for example,
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5.3. SKIN CONDUCTIVITY SCHEME

for needle leaf forests. In contrast, bare soil areas, like deserts or glaciers, have
a high sky view fraction value of one. If the vegetation cover is described by
the sky view fraction y, the radiation budget of solar and thermal radiation is
derived as follows

Rncanp :(1 - X)(l - acanp)s \L +(1 - X)Ecanp '
(L] +0((1 = Aguow) T2 + Aqpon Tt — 272 1)), (5.14)

SNnow canp

where S | is downward short wave radiation, L | is downward long wave ra-
diation, awanp is the albedo of the canopy, €canp is the canopy emissivity value,
and Ag,ow defines the fraction of the snow coverage. Thus the prognostic Ttanp
(Equation depends on a wide range of vegetation parameters due to dif-
ferent kinds of vegetation cover. For reasons of simplicity, here all parameters
are adapted for needle leaf forests.

As already defined in Equation the land surface temperature T, is a
composite temperature of the T, and Tynew. But now also Tganp, is part of the
weighted surface temperature:

Tg = (1 - Asnow)[XTs + (1 - X)Tcanp] + ASHOW[XTSIIOW + (1 - X)Tcanp] . (515)

5.3 Skin Conductivity Scheme

Another possible approach to overcome the current deficiencies of the COSMO-
model is a skin layer, as implemented by [Schulz and Vogel (2020)). The skin
layer is a layer directly above the soil surface with no heat capacity (based on
land surface model H-TESSEL (Viterbo and Beljaars, |1995; [Verhoef and Vidale,
2012)) of the European Centre for Medium-range Weather Forecasts (ECMWF)),
which simulates the effects of different surface properties such as vegetation. For
example, the soil below vegetated areas receives less radiative heating compared
to bare soil areas. This insulating effect of vegetation can be represented by
the skin layer. In the COSMO-model the skin layer approach is used for
snow-free regions. Areas covered by snow are still represented by the snow
parameterisation. The additional skin layer is defined by a skin conductivity
Agin. This conceptual value provides the thermal connection between the skin
level and soil surface based on Fourier’s Law

Gskin = Askin(Tskin - Ts) . (516)

The heat flux Gy, is proportional to the magnitude of the temperature
difference between the diagnostic skin level temperature Ty, and the bare soil
temperature T;. The forcing at the soil surface Gy, is given by the sum of the
radiation budget Rng,, the sensible heat flux Hgg, and the latent heat flux
Lskin:

Gskin = Rngin — Hein — Liskin - (517)

Various surface properties heat up or retain heat differently and should be
represented with an appropriate heat conductivity. As simplification one useful
mean value is used Agg, = 10 Wm 2K~ (Schulz and Vogel, [2020)).
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Figure 5.4: Skin conductivity layer scheme: schematic representa-
tion of the skin layer including the forcing at the soil surface G
(Equation, the skin conductivity Agg, and the connected tem-
peratures of the soil surface Ty and the skin layer Tyi,. Tiow is the
temperature of the lowest atmospheric layer, the layer above the skin
layer.

The sensible heat flux H is defined by the surface layer parameterisation,
but uses Ty, instead of T

Hskin = pcpcg’thGﬂ'S - Tskin) 5 (518)

where Cf' is the bulk-aerodynamic transfer coefficient for turbulent heat
exchange at the surface, ¢, is the specific heat, and p is the density of air.
The latent heat flux Lg;, and the net long- and shortwave radiation at the soil
surface Rngg, are implemented as in the soil model TERRA_ML (Section,
but depend on the skin layer temperature 7Ty,. The same applies to Equation
now 7Ty is composite of Tein and Tepow:

Tg = (1 - Asnow)Tskin + AsnowTsnow . (519)

To summarize, the skin layer can be seen as a new upper boundary condition
for the soil and as a new lower boundary condition for the atmosphere.

5.4 Comparison of Different Model Equivalent
Implementations

For an appropriate comparison of the different implementations, a large sample
of LST measurement data is necessary. Because the amount of observations

depends mainly on the cloud cover, a clear-sky period over Germany is a good
starting point. During summer of 2015 a period of three days with only little
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cloud cover was chosen. The period started on June 30th and ended three
days later on the 3th of July 2015. Especially, the first two days of the period
are about up to 80% cloudless within the observational data and about 65%
cloudless within the simulated data. The simulated data is declared as clear-sky,
if the total cloud cover is less than 10% at a grid point. A 80% clear-sky area
over the COSMO-DE domain (Germany and parts of neighboring countries)
equals ~ 47000 usable observation points every 15 minutes. Figure |5.5| shows
the evolution of cloud cover during the three-day period. The observations have
even larger clear-sky areas than the COSMO-model. Both observations and
the simulated cloud cover show the same trend. Two days of mainly clear-sky
conditions followed by a cloudy third day.

80 Yauu —+= clear sky COSMO-DE
clear sky satellite obs.
= 70 )
o /_f N\
< .
é 60 -
o /
i
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E
o .
40 N\
\,
\,
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2015-07-01 0000 UTC  2015-07-02 0000 UTC 2015-07-03 0000 UTC

Figure 5.5: Evolution of clear-sky area over the COSMO-DE
domain of satellite observations (blue, solid) and COSMO-model
(light blue, dashed). The period is from the 30.06.2015 at 18:00
UTC to the 03.07.2015 18:00 UTC.

LST is strongly influenced by solar radiation. Clouds block incoming and
outgoing radiation by absorption and reflection. Hence, LST decreases fast,
if clouds cover the land surface. Due to different cloud fractions between the
model and the observations significant deviations in near-surface temperatures
can occur. Discrepancies due to different cloud fractions are possible, if the
model contains clouds at points the LST retrieval shows a clear sky. Because
the Land-SAF does not produce LST retrievals for cloudy pixels, observations
are assumed as cloudless, if they are available. To get a reliable result the
simulated temperature and the LST retrieval are only compared, if both are
declared as cloudless.

The period of summer 2015 shows a clear diurnal cycle for simulated and
measured LST (Figure[.6). The LST observations have a stronger amplitude
during day and night than the the simulated LST of the reference. The refer-
ence is based on COSMO Version 5.04c and does not contain any vegetation
scheme for temperature. Hence, LST is derived from the temperature of the
uppermost soil layer with a thickness of 1 mm. Through the stronger coupling
to the soil temperature the simulated LST of the reference has higher inertia
than the observed LST, which causes the less distinct diurnal cycle. During
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Figure 5.6: Domain averaged diurnal cycle of observed and
simulated LST. The period starts at 30.06.2015 18:00 UTC and ends
at 03.07.2015 18:00 UTC. The averaged LST retrieval is marked with
black stars, the blue line shows the averaged COSMO-model, the
green line shows the COSMO-model with the canopy scheme (section
and the purple line shows the COSMO-model with the skin layer
scheme (section [5.3).

daytime, both experiments with a vegetation scheme fit better to the observa-
tions than the reference (Figure. During nighttime the skin conductivity
scheme represents the observed LST considerably better than the reference and
the experiment with the vegetation scheme.

A closer look at the model minus observation distribution (Figure[5.7)) shows
that the mean deviation from the observations of the reference and the experi-
ment including the skin layer scheme are close to zero (both less than 0.25K).
In contrast, the mean deviation of the experiment including the canopy scheme
from the observations is higher and about 1K, what indicates a positive bias
in LST. Figure also shows, that the averaged diurnal cycle of LST with the
canopy scheme is too warm, especially during night. The standard deviation of
all LST experiments is similar and close to 2.3 K. The skin layer scheme exper-
iment has, compared to the other two experiments, a slightly smaller standard
deviation.

Looking at the model minus observation distribution depending on the time
of the day (Figure a clear connection between daytime and the mean devi-
ation is visible. The reference and the experiment including the canopy scheme
show a warm model bias during night. The experiment including the skin layer
scheme has a lower warm bias during night than the other simulations. All three
simulations have cold bias during day. But both simulations with a vegetation
scheme have a smaller daytime bias than the reference.

The three different options to simulate LST are described in Sections
to 5.3 Experiments with all three different implementations have been
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Figure 5.7: Distribution of the difference between COSMO-model
and observation (LST retrieval) over the three day summer period
2015. Shown are the reference COSMO-model Version 5.04c without
any vegetation scheme (blue), the canopy scheme, see section ,
(green) and the skin layer scheme, see section (purple).
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Figure 5.8: Simulated LST minus observed LST is shown against
day time for all three model implementations. The distribution of
reference minus observations throughout the day is shown by the
blue density distribution. The darker the color the more values
are present. Values from the whole three day period are shown
(30.06.2015 18:00 UTC to 03.07.2015 18:00 UTC, hourly bins). The
purple density distribution the skin layer experiment minus the
observed LST throughout the day and the green density distribution
the canopy scheme experiment minus the observed LST.
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performed for a representative period in summer 2015 with nearly clear-sky
conditions (Figure5.5]) to ensure many observations. Investigations of all three
implementations (see section show that the skin layer scheme comes
closest to the observed diurnal cycle. Especially during night, the skin layer
scheme outperforms the other two implementations. The skin layer scheme is

used, in the remainder of this work, as it gives the best model equivalent for the
LST.
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Chapter 6

Synthetic Land Surface
Temperature

Observations used in an OSSE framework are generated from a nature
run. Hence, a reasonable model equivalent is needed. Here, to mimic the
LST retrieval provided by the Land-SAF (Chapter[d) the weighted surface
temperature T, of the COSMO-model including the skin conductivity scheme
(Equation[5.19) was chosen. As this work is based on two two-day case studies,
one in March 2017 and one in August 2017, two nature runs were performed
(Chapter. Thus, from both nature runs synthetic LST observations y* were
derived. The corresponding observation operator H is based on the derivation
of LST by the skin conductivity scheme (Section[p.3))

y' = H(z"). (6.1)

The LST retrieval is available each 15 minutes. Within this 15 minutes
the SEVIRI instrument scans the Earth from South to North and produces
the observational data. In this thesis the synthetic LST is calculated every
hour, because it is assimilated hourly. To mimic the LST derived from SEVIRI
the model equivalent from the nature run T, was interpolated to the satellite
resolution of the real observations to generate the synthetic observations on
the observation grid. The resolution of the satellite retrieval over Germany
is around 5km. That means, that the spatial resolution of the nature run
is about seven times higher than of the real observations. To represent the
5km resolution with the nature run the nearest neighbour model grid point
to the position of the observation was located. In the next step the field of
the 7x7 grid points around the nearest neighbour was averaged to this point
(Figure. The LST retrieval is only available over land and under clear-sky
conditions, for that reasons a synthetic LST retrieval was calculated only if the
simulated total cloud cover of the nearest neighbour is less than 10 % and the
land cover is larger than 50%. The cloud cover can have a cooling/warming
effect on the temperature of the Earth’s surface, which lead to discrepancies
between covered and clear-sky grid points. Therefore, grid points within the
7x7 grid point domain with a cloud cover larger than 10% are not used to
calculate the synthetic LST retrieval. If more than 50 % of the 7x7 grid box are
contaminated with clouds no synthetic LST retrieval was generated at this point.
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Nature Run Synthetic Observations

(a) (b)

Figure 6.1: Example of synthetic LST retrieval. (a) Simulated LST
of the nature run on March 27, 2017 1200 UTC. The white areas are
clouds or outside the experimental model domain. (b) Synthetic LST
derived from the nature run by interpolation. Missing observations
are due to cloud cover or lakes within the model domain.

The synthetic observations generated from the nature runs y™“° are by
concept perfect observations without any errors. To mimic a real-world
experiment appropriate errors € had to be added. This errors should combine
the errors of the satellite instrument €, the errors by the calculation of the LST
retrieval €,, and the representativeness errors ¢, of the LST:

Y=y +temteote. (6.2)

The instrumental error is due to inaccuracies of the measuring procedure, here
for example sensor noise. The retrieval error is due to inaccuracies within the
calculation of the LST retrieval like wrong assumptions about the water content
of the atmosphere. The representativeness error includes all errors, which result
from the spatial mismatch between the observed and simulated variables and
the volume they depict.

An advantage of an OSSE is that the synthetic observations are by definition
bias-free, because the observations generated from the truth are by construction
perfect observations without any errors, i.e. no systematic errors (bias), no
instrument or retrieval errors, and no representativeness errors (Masutani et al.,
2010). But to obtain reliable observations for the OSSE, the characteristics of
the statistical background departures of the synthetic observations, here the
LST, have to be as close as possible to the characteristics of the statistical
background departures of the real observations. The background departures of
the real observations range between -5 K to 5 K within our experimental period
(Figure, top). This error range of the statistical error should be reflected by
the generated statistical synthetic observation error. To mimic the background
departures of the real observations, the generated observations are perturbed
by the real observation errors with values around 1K to 2K to (Section[.1)).
Hereby, the real observation errors are multiplied by Gaussian random noise.
The random noise is generated by a Gaussian random number generator (Knuth),
1998)) implemented in the COSMO-model. The scaling factor of the noise is one
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and the random Gaussian shaped perturbation has a variance of one. Thus, the
perturbation value of the observation is composed of the real observation error
times the scaling factor times the Gaussian shaped perturbation.
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Figure 6.2: Distribution of the departure between nature run and
LST observations over experiment period during March 2017. Shown
are the departures from the real observations (blue) and the synthetic
observations (purple).

The real observations for the two-day period are about two Kelvin warmer
than the nature run, meanwhile the synthetic observations have no systematic
error (Figure[6.2)). The standard deviation of the synthetic observations (1.29 K)
is smaller than the standard deviation of the real observations (1.91 K). Because
the generated synthetic observations are bias-free and have sufficiently large
statistical departures, they were used within this OSSE. Due to the smaller
variance of the synthetic observations the impact of LST assimilation might be
slightly overconfident.
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Chapter 7

Assimilation of Land Surface
Temperature

The coupled land-atmosphere system to be investigated is described (Chapter.
The truth is generated (Chapter and the synthetic LST observations have
been derived from the nature runs (Chapter@. Thus, the technical setup of
the OSSEs is now complete and the coupled land-atmosphere system can be
tested within this framework. First, the plausibility of the implemented coupled
land-atmosphere assimilation system is reviewed in Section[7.2] Therefore, single
observation experiments are carried out. Second, the direct and indirect impact
of hourly LST assimilation in the coupled land-atmosphere system is analysed
in Section over two-day periods in March and August 2017.

7.1 Preparations

To receive ensemble perturbations on the small scale, a ‘spin-up’ period of two
days from March 25 to March 27, 2017, for the data assimilation ensemble
was carried out. During this period, real observations, i.e. measurements
of radiosonde ascents and observations of air planes, 10 m winds, and surface
pressure were assimilated to gain a more realistic difference between the nature
run and the atmospheric and the soil state of the model ensemble. Thus, the
assimilation cycle was initialized at March 27 at 0100 UTC. Because the soil
variables, especially the deep layers, vary slowly with time the ‘spin-up’ period is
to short to generate realistic discrepancies within the soil variables of the nature
run and the assimilation ensemble. To get more realistic discrepancies between
the truth and the simulated soil variables the assimilation ensemble is initialized
with the icosahedral non-hydro-static model (ICON, Zéngl et al. 2015)) ensemble
calculated over Europe. As a reminder, the nature run was initialized with the
COSMO-DE model (Chapter[3). The differences between the soil model states
of the COSMO-model and the ICON-model were probably still smaller than
between the reality and the forecast model, but provide more useful discrepancies
than between the different resolutions of the COSMO-model. The experimental
model domain is a small area around Lindenberg (Chapter[3) and to avoid
boundary effects, a boundary of ten grid boxes, corresponding to 28 km, was
omitted in the following evaluation. As previously mentioned, the assimilation
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cycle was based on an hourly assimilation of the synthetic LST, thus each first
guess equaled a one hour forecast of the COSMO-model.

7.2 Single Observation Experiments

To get a first insight into the functionality of the assimilation of LST in com-
bination with the augmented control vector, single observation experiments
(SOEs) were carried out during the experimental period in March, 2017. Due
to the mostly clear sky conditions during the selected periods the diurnal cycle
of the synthetic LST observations as well as the diurnal cycle of the ABL are
pronounced. The height of the ABL evolves with daytime, i.e. during night the
ABL has stable stratification with height of several hundred meters and during
daytime the mixed boundary layer can grow to several kilometers height. To
evaluate the effect of LST assimilation during the diurnal cycle, the SOEs were
performed at day and at night.
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Figure 7.1: Distribution of single observations over the model
domain. The nearest-neighbor of each observation has a distance of
35km to 55km. Observation gabs in the grid of single observations

are due to the cloud cover. The experiments are conducted at (a)
March 27, 2017 0200 LT and at (b) March 27, 2017 1400 LT.

The single observations of synthetic LST are distributed over the experimen-
tal model domain along the longitudes and latitudes (Figure. Each 0.5° in
zonal and meridional direction a single synthetic LST observation is located. If
clouds cover the observation location no observation is generated. The spatial
distance of the observations is between 35 km and 55km. Thus, the horizontal
localization scale of 5.5 km guarantees SOEs and the corresponding analysis grid
points are only influenced by one observation each. To enhance the assimilation
signal, the observation error of LST was reduced to 0.5 K.

The impact of the assimilation of LST on the atmospheric and the soil state

is limited by the horizontal and the vertical localization radius (Chapter.
The limitation of horizontal impact on the atmospheric temperature by the
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Figure 7.2: Distribution of observation minus first guess of LST
combined with impact of one assimilation step on the atmospheric
temperature of the lowest model level. At some SOE locations
the observed synthetic LST is warmer than the simulated model
equivalent (red dots) and at some locations the observation is cooler
(blue dots). The impact of the assimilation step is shown by the
shaded area. The atmospheric temperature of the lowest atmospheric
model level is thereby raised (red) or lowered (blue). The experiments
are conducted at (a) March 27, 2017 0200 LT and at (b) March 27,
2017 1400 LT.

localization is illustrated by Figure[7.2] Close to the observations, the impact
of LST assimilation is clearly visible and it declines with increasing distance
from the LST observations. Furthermore, Figure[7.2]illustrates in which way the
observational increment of the LST influences the atmospheric temperature of
the lowest model level through the analysis step. During the night (Figure
the horizontal impact of LST assimilation is stronger than during the day (Fig-
ure. In addition, you can see that during night a negative observational
increment mostly leads to a raise of the atmospheric temperature through the
analysis step while a positive observational increment causes a decrease of at-
mospheric temperature. The SOEs during day show a different impact. Here, a
positive observational increment causes an increase of atmospheric temperature
and a negative LST increment reduces the atmospheric temperature. These
differences are probably caused by different background error covariances PP
during the diurnal cycle. The impact of P" will be examined in more detail
later in this Section and in Chapter[§

Figure[7.3] demonstrates the vertical expansion of the influence of LST assim-
ilation on the atmospheric and the soil temperature. The vertical localization
scale of the KENDA-system restricts the impact of the observations with height
and depth. The atmospheric temperature is affected by the assimilation of LST
up to a height of 2000 m to 3000 m and the soil temperature is affected down to
a depth of 0.8 m. Here, differences in the expansion of impact between day and
night become apparent. The pronounced impact of LST assimilation during
the night is only close to the land surface (Figure. In most cases, the sign
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Figure 7.3: Cross sections of temperature innovations of atmosphere
and soil along 52.5 latitude at 0200 LT on the night of 27 March 2017
((a)) and along the 51.5 latitude during the day on 27 March 2017 at
1400 LT ((b)). The shaded area shows a raise of temperature (red)
or a temperature reduction (blue).

of the lower atmospheric temperature innovation differs from the sign of the
observational increment. Above the height of the ABL the sign of the atmo-
spheric temperature innovation changes again. For example, at 52.5 latitude
and 13.5 longitude the lower atmospheric temperature increases meanwhile in
a height above 800 m it decreases. The soil temperature innovation close to the
land surface is positive if the observational increment is positive and negative
if the observational increment is negative. The deeper soil layers change the
sign of the temperature observation partially. Again, at 52.5 latitude and 13.5
longitude the soil temperature close to the surface is reduced, but the deeper
soil level temperature is raised. During the day the pronounced impact of LST
assimilation reaches further in the atmosphere and deeper into the soil than
during nighttime (Figure[7.3b]). This fits well with the diurnal development of
the atmospheric boundary layer height. The stable boundary layer during night
has only a height of about 300 m whereas the mixed boundary layer during day
raises up to 2000 m and higher.

To get further insight into the process of LST assimilation, atmospheric and
soil temperature profiles, and correlation profiles are evaluated in the following
Sections. The correlation profiles illustrate how the background error covariance
matrix PP passes on the impact of LST assimilation on the atmospheric and the

soil temperature at day (Section|7.2.1)) and at night (Section|7.2.2)).

7.2.1 Day: 27 March, 2017 1400 LT

The SOE at 52.0°, 014.0° was chosen as an example to illustrate how the
augmented COSMO-KENDA system works during daytime (Figure. At
1400 LT the land surface is around 5 K warmer than the atmospheric temper-
ature due to solar radiation. Hereby, the synthetic LST observation and the
lower atmospheric temperature of the nature run are cooler than the first guess
(Figure[7.4a] left panel). Within the mixed boundary layer the atmospheric

43



CHAPTER 7. ASSIMILATION OF LST

Correlation coefficient, Localization

Correlation coefficient, Localization
-025 0 025 05 075 1
L Il Il Il Il Il

-025 0 025 05 075 1
L Il Il Il Il
T L
800+ Lo 0- -
1 "
1 "
1 "
1 L]
1 1] 1 L]
1 ] 1 "
1 1 1 L}
850 [ | ]
Lo 29 \ :
1 ] 1 L]
1 1 |l n
1 1 1 n
1 1 \ n
© 1 [ \ ]
o 1 [ = \ "
£.900 ) ' % N
!
% : ', %l 1 “ l‘l’
g : ,' (] '|u
o 1 1 ‘II
1 1 1
I ' h
950 | ' :,
vl i
: : 6 h
| ] h
' [ h
| " ]
| ] :
1000 ! ' \
I [ |
' ' 8- |
5 0 5 10 15 20 -05 05 5 0 5 10 15 20 -05 05
Temperature [°C] Temperature [°C] Temperature [°C] Temperature [°C]
(a) (b)
Figure 7.4: (a) Impact of LST assimilation at March 27, 2017,

1400 LT. Left panel: atmospheric temperature profiles of first guess
(blue), analysis (red) and, truth (green), localization function (grey),
and the correlation between LST and atmospheric temperature
(black). The big dots indicate LST first guess (blue), LST analysis
(red) and LST observation (green). Right panel: atmospheric
temperature spread profiles of first guess (blue, dashed) and analysis
(red, dashed) and, of the atmospheric temperature increment (black,
dashed). The small dots indicate the spreads of LST first guess (blue)
and LST analysis (red), the LST observation error (green) and, the
LST increment (black). (b) Impact of LST assimilation on the soil
temperature. Location of SOE: latitude: 52.0°, longitude: 014.0°.

Figure taken from Sgoff et al.| (2020)).

temperature of the first guess and of the nature run decrease the same way with
altitude. However, the mixed boundary layer of the first guess has a higher
expansion than the mixed layer of the truth. Within the ABL of the first guess
the correlation between the LST and the atmospheric temperature is positive.
More precisely, the correlation coefficient is about 0.6 and is constant over the
height of the ABL. Within the ABL the correlation coefficients of the SOEs
are similar, but above the mixed boundary layer the SOEs show different cor-
relations between the LST and the atmospheric temperature. The observation
error of 0.5 K is slightly smaller than the spread of the model equivalent of the
first guess (Figure, right panel). The analysis step pulls the land surface
temperature in direction of the observation. The resulting land surface tem-
perature of the analysis is lower than the first guess. Because of the positive
correlation between the LST and the atmospheric temperature, the atmospheric
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temperature is also lowered, which results in a constant, negative increment over
the whole mixed boundary layer. The vertical localization restricts the vertical
impact of the assimilation of LST, therefore the atmospheric temperature in-
crement decreases with height as well as the localization function. Due to the
temperature reduction of the analysis step the temperature of the ABL is closer
to the nature run than the first guess, i.e. the assimilation of LST is able to
improve the lower atmospheric temperature.

As the atmospheric temperature, the soil temperature is cooler than the land
surface around noon. Within the upper four soil levels the soil temperature of
first guess and nature run decreases with depth (Figure[7.4D] left panel). The
temperature profile of the nature run is similar to the temperature profile of the
first guess temperature, but it is lower over all soil layers. Only exception is the
climate layer, where the soil temperature of both, by definition, is equal. The
temperature of the upper soil levels, down to 1 m depth, are positively correlated
with the land surface temperature. Meanwhile, the upper three levels have a
correlation coefficient over 0.75, the positive correlation decreases within the
next levels close to zero. As the example, all conducted SOEs show the positive
correlation between LST and soil temperature and a similar decrease of the
correlation coefficient with depth (not shown). But the correlation coefficients
of the soil layers below 1 m are no longer uniform across the SOEs. Thus, as
in the atmosphere, the analysis step leads to a negative temperature increment
(Figure right panel). Due to the implemented soil localization the impact
of LST assimilation is restricted to the upper five layers and approaches zero
within the layers, which are not affected by the diurnal temperature cycle. The
reduction of soil temperature pulls the analysis closer to the nature run and
improves the soil temperature of the upper soil levels.

7.2.2 Night: 27 March, 2017 0200 LT

The SOE at 53.0°, 012.5° was chosen to illustrate exemplary how the assim-
ilation of LST influences the ABL and the soil temperature during night. In
contrast to the mixed boundary layer during day the stable stratified boundary
layer during night has only a height of about 0.5 km. The temperature inversion
typical for the stable boundary layer appears in the first guess and the nature
TN (Figure left panel). Within the stable boundary layer the atmospheric
temperature increases with height and above the top of the ground inversion
at about 0.5 km it starts to decrease. The temperature difference between land
surface and lower atmosphere is up to 10K, i.e. the LST is noticeable cooler
than the atmosphere above. This temperature difference is even more signifi-
cant in the first guess than in the nature run. Within the ABL the correlation
between the LST and the atmospheric temperature determined by the first
guess ensemble is negative and more pronounced close to the land surface. The
anti-correlation between LST and atmospheric temperature is the dominant
behavior of the conducted SOEs (not shown), but the correlations between the
land surface temperature and the atmospheric temperature of the SOEs differ.
The most SOEs are anti-correlated, some are correlated, some are not correlated
at all. In some cases the correlations of the first guess do not match with the
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truth and lead to wrong increments. Thus, the system is working as intended,
but its wrong ensemble correlations result in wrong increments. The observation
error of LST of 0.5 K is clearly smaller than the spread of the LST model equiv-
alent with its maximum of about 3K near the surface (Figure[7.5a] right panel).
The analysis of the LST is warmer than the first guess of the LST and thus
closer to the observed truth. Due to the negative correlation between the LST
and the atmospheric temperature, the analysis step reduces the atmospheric
temperature and pulls it closer to the nature run. The vertical localization scale
during night equals the localization scale of the day (Figure, left panel). The
negative increment values are highest near the surface and decrease within the

stable boundary layer close to zero.
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Figure 7.5: As for Figure , but at March 27, 2017, 0200 h.
The synthetic observation of LST (green dot) is located behind the
model equivalent LST of the analysis (red dot) and thus not visible.
Same applies to the LST observation error (small green dot), which is
located behind the spread of analysis LST (small red dot). Location
of SOE: latitude: 53.0°, longitude: 012.5°. Figure taken from Sgoff
et al. (2020).

In comparison with daytime, the soil temperature profile is different dur-
ing nighttime because during night the upper soil levels are cooler than the
deeper soil levels (Figure, left panel). In the first three levels the first guess
soil temperature is warmer than the true soil temperature. In the soil layers
below it is the other way around. As at noon, the correlation between LST
and the upper soil levels is positive. This also applies to the remaining SOEs
(not shown). As during daytime the soil temperature increment is positive and
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declines with depth as given by the localization function (Figure(7.5b, right
panel). The assimilation of LST pulls the analysis to warmer temperatures, but
slightly to strong. Thus, the analysis is closer to the truth, but slightly warmer.

To sum up, at first glance the augmented COSMO-KENDA-system works
as expected. Because the simulated LST is a diagnostic model variable it is
not part of the control vector. Hence, the impact of the assimilation of LST is
dominated by covariances between the LST and the prognostic variables like the
atmospheric or the soil temperature. As presented above, the LST and the near
surface temperatures can be correlated, anti-correlated or not correlated at all
and depending on the background covariances P” the temperature innovations
can be positive or negative. More precisely, if LST and the temperature are
correlated a positive observation increment yields to an increase in atmospheric
temperature. But if LST and the temperature are anti-correlated the positive
observation increment yields to a decrease of the temperature. This shows
impressively how important accurate model error covariances P are.

7.3 Augmented Control Vector Tests

After the discussion of the previous Section about the functioning of the
coupled assimilation system, the impact of LST assimilation is evaluated in the
following. For this purpose, different configurations of the control vector were
investigated to clarify the question: How good is the augmented control vector
compared to a control vector which contains only one part of the coupled system,
atmosphere or soil. Two two-day experimental periods were defined: one early
spring period (March 27, 2017 0000 UTC to March 29, 2017 0000 UTC) and one
summer period (August 28, 2017 1200 UTC to August 30, 2017 1200 UTC).

3000 3000

2000 2000

1000 1000

# observations
# observations

) 0
2017-03-27 1200 UTC 2017-03-28 1200 UTC 2017-08-29 0000 UTC 2017-08-30 0000 UTC
(a) (b)

Figure 7.6: (a) Number of active LST observations during the two-
day period of March 27 to March 29, 2017 and (b) of August 28 to
August 30, 2017. The number of observations is limited by the cloud
cover of the nature run. Figure taken from Sgoff et al.| (2020)

The early spring experiment started with clear sky conditions on the first
day but got cloudier on the second day (Figure, thus on the first day much
more LST observations were possible and could be used within the assimilation
cycle. The summer experiment was mainly cloud free on both days. But clouds
came up during the morning hours, reducing the number of observations over
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the morning hours and midday.

To evaluate the impact of LST assimilation within the fully coupled COSMO-
KENDA-system one reference experiment, named Control in the following, and
three experiments with different control vector configurations were set up. Con-
trol is a so-called open loop experiment, i.e. the experiment was run within the
hourly assimilation cycle, but omitting the analysis step. Thus, each first guess
of Control is a one hour forecast, started from its former first guess.

Table 7.1: Experiments with different control vector settings. Table
from Sgoft et al.| (2020))

\ Experiment Name \ Control Vector Setup \
Control no Assimilation
EXPatmos Atmosphere
EXPsoil Soil
EXPatso Atmosphere and Soil

The three experiments assimilating synthetic LST are distinguished by differ-
ent versions of the control vector (Table[7.1)). The control vector of experiment
EXPatmos included only the atmospheric variables, this corresponds to the
current COSMO-KENDA setting. Thus the analysis step had a direct influence
on the atmospheric variables. However, the soil was only indirectly influenced
by the interaction with the changed atmosphere. In contrast, EXPsoil had a
control vector, which only included the soil variables. Here, the analysis step
had a direct influence on the soil, but only an indirect effect on the atmospheric
variables. The third experiment, EXPatso, was the fully coupled assimilation
system. The control vector of EXPatso included the atmospheric and the soil
variables and the analysis step had a direct impact on atmosphere and soil
simultaneously.

Even tough the LST was not part of the control vector, it was still possible
to calculate the analysis of LST. By the assimilation of LST the deviations be-
tween the observed LST and the simulated LST should decrease by definition.
Figure[7.7] illustrates that this was the case. The deviations between observed
and simulated LST of FXPatso were reduced during the March and during the
August period. In both experimental periods the mean of the analysis devia-
tions is closer to zero than the mean of the first guess deviations. Furthermore,
in both cases the standard deviation of the observation minus analysis is smaller
than of the observation minus first guess. However, the analysis of the LST was
discarded, as it is a diagnostic variable. Accordingly, the lasting impact of the
assimilation of LST on atmosphere and soil was caused by the background error
covariances PP, which transfer the information of the LST observation to the
model.

The conducted experiments were evaluated against the nature run, which is

assumed to be the true state of the atmosphere and soil. This assumption is
an advantage of OSSEs because the whole atmospheric and soil system can be
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Figure 7.7: Distribution of the departure between LST observations
and COSMO-model over the experimental period during March 2017
(a) and during August 2017 (b). Shown are the departures from the
background /first guess (blue) and the analysis (red) of EXPatso.

evaluated. Under real conditions this would only be possible to a limited extent,
as verification can only be carried out against further observations, which were
limited in space and time. How well the results of the experiments can be
transferred to the real conditions depends on how well the nature run and the
synthetic LST observations reflects the real system in its properties. This OSSE
is a first step in the direction of a fully coupled land-atmosphere assimilation
system. Because the synthetic LST provides information for atmosphere and
soil as well it is a useful observation to evaluate the coupled system.

7.3.1 Mean Error Evaluation

Firstly, the spatial mean error (ME)

— ZTtruel? )] (71)

||Mz

was calculated to determine systematic deficiencies of simulated near surface
temperature and humidity variables. Here N is the number of grid points of the
domain without the boundary regions, x the simulated value of the respective
experiment and i, the truth value. All model grid points were considered
regardless of the availability of observations.

The temporal evolution of the spatial ME of the atmospheric temperature
of the two-day early spring case is illustrated by Figure[7.8a] Compared to the
nature run, the control run and the experiments have a too warm atmospheric
temperature within the ABL (Figure. Furthermore, the ME of the control
run and the experiments has a diurnal cycle within the ABL, i.e. during night
and the morning hours the ME is larger than after midday and in the evening.
Above the ABL, the ME is negative with values lower than 0.5 K for each ex-
periment. The positive ME of the Control has values up to 1.5 K. The three
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Figure 7.9: As Figure Figure taken from |Sgoff et al.l (]2020[)

experiments behave similar to the Control, however with a reduced ME within
the ABL. Especially EXPatmos and EXPatso have a reduction of spatial ME up
to 0.6 K in the morning hours. Above 0.7km the influence of LST assimilation
decreases and the negative ME remains nearly unaffected.

The soil temperature has a consistent positive ME over the upper soil layers
and a diurnal cycle (Figure. The diurnal cycle of soil temperature ME
has a six hours shift compared to the diurnal cycle of the ABL temperature
ME, namely the ME is highest around midday and lowest around midnight.
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The Control shows most clearly this behavior. Each of the three early spring
experiments has a reduced ME compared to Control. The ME reduction is
most pronounced in FXPatso with a reduction of the mean error of up to 0.7 K
around midday.

The temporal evolution of the spatial ME of the atmospheric temperature of
the two-day summer case (Figure has a similar course as the early spring
experiments. The atmospheric temperature of the Control and the experiments
is too warm and the ME of the atmospheric temperature has also a diurnal
cycle with a maximum ME between 0000 UTC and 0600 UTC. The ME within
the ABL of the summer experiments is on average 0.4 K smaller than the ME of
the spring experiments, i.e. within the ABL the temperature of the control run
and the experiments is closer to the atmospheric temperature of the nature run
than in March. From August 28 1300 UTC to August 29 0100 UTC a negative
ME is visible between 1.5km and 2.8 km height in each experiment, but as in
the early spring case the atmospheric temperature above the ABL is nearly
unaffected by the assimilation of LST.

The temperature of the upper soil layers of the summer case (Figure
has a consistent positive ME which is on average 0.6 K smaller than the ME
of the early spring case. The ME is highest between 0000 UTC and 0600 UTC.
A reduction of about 0.2 K of ME is visible in all three experiments compared
to the ME of the control run. In comparison with the truth the atmospheric
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Figure 7.10: Like Figure but here the evolution of (a) the
specific humidity (QV') of the ABL and of (b) the soil moisture (W)
of the soil levels is shown. Red shaded areas indicate a drier model
state and blue shaded areas indicate a more humid model state.

specific humidity is reduced in the Control and the three control vector exper-
iments. It is important to note that the assimilation of LST causes a further
reduction of atmospheric moisture (Figure[7.10D)), if the control vector includes
atmospheric variables. Especially during the night of the 27 to 28 of March
the specific humidity decreases. The nightly decrease of the specific humidity is
about 10%. Above the ABL the atmosphere of the experiments is more humid
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than the nature run. As already demonstrated for the temperature also the
specific humidity above 0.7 km is nearly unaffected.

All upper model soil levels of the assimilation experiments start with 10 %
to 20 % less humidity per cubic metre than the nature run. In the Control and
the EXPatmos this does not change during the two-day experiment period, the
closer to the land surface the more moisture is missing (Figure. In EXP-
soil the assimilation of LST introduces humidity directly into the soil through
the soil variables included in the control vector. The ME of soil moisture re-
duces to less than 10kg/m® within the soil levels close to the land surface.
This improvement is mostly retained for the remaining experiment period. This
effect also occurs in a weakened form in EXPatso.
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Figure 7.11: As Figure but for the summer case.

In contrast to the early spring case, the specific humidity of the summer case
is higher in comparison with the truth (Figure[7.11a)). Especially around noon
the reference and the three experiments are more humid than the true state
of the atmosphere. The assimilation of LST causes as in the early spring case
a reduction of the specific humidity of the ABL, if the control vector includes
the atmospheric variables. In particular during the nights the specific humidity
decreases (EXPatmos and EXPatso). Above the ABL in the first 24 hours,
the atmosphere of the experiments is more humid than the nature run, while
in the following 24 hours the atmosphere above the ABL is drier. But due to
the vertical localisation the assimilation of LST hardly affects the atmosphere

above the ABL at all.

The upper soil levels are drier than the nature run but the difference between
nature run and experiments in August is smaller than in March (Figure[7.10b
and . The levels below 0.5m depth, on the other hand, are much wetter
than the truth and not affected by the assimilation of LST. The impact of LST
assimilation on the soil moisture is only visible if the soil variables are part of
the control vector (EXPsoil and EXPatso). In EXPsoil the soil becomes drier
in the first six hours, afterwards moisture is introduced so that the difference to
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the truth decreases and the ME is less than 5kg/m?® (Figure[7.11b] third panel).
In EXPatso the phase in which moisture is lost lasts over 24 hours. Hence,
the ME of soil moisture is greater than in the other experiments (Figure(7.11b
fourth panel). From the evening of August 29, moisture is introduced into the
soil and lowers the ME to below 5kg/m?.

7.3.2 Root-Mean-Square Error Evaluation
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Figure 7.12: RMSE evolution of (a) temperature of atmospheric
boundary layer (7') and of (b) soil levels (Ty,) from March 27 to
March 29, 2017. First guess evaluated against truth averaged over
the whole experiment domain. Shown are the RMSE of Control (first
panel), of EXPatmos (second panel), of EXPsoil (third panel) and of
EXPatso (fourth panel). Darker colors indicate larger RMSE. Figure
taken from [Sgoff et al.| (2020).
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Figure 7.13: As Figure[7.12|but from August 28 to August 30, 2017.
Figure taken from |Sgoff et al.| (2020).

93



CHAPTER 7. ASSIMILATION OF LST

Next the root-mean-square error (RMSE)

RMSE = % S [ (0) — ()2 (7.2)

=1

is examined for the LST related variables. During the March and the August
case study, the RMSE of the boundary layer temperature has a diurnal cycle,
similar as for the ME (Figure[7.12a) and [7.13a)). The maximum RMSE within
the ABL during the spring and the summer experiments is close to the surface
in the lowest 0.1km between 0000 UTC and 0600 UTC. During the August
experiment another maximum of RMSE is located at the same height as the
negative ME in August (Figure. The RMSE of atmospheric temperature
is reduced in each assimilation experiment of both experimental periods.

In the early spring and the summer period, the RMSE of the soil tempera-
ture is higher than the RMSE of the boundary layer temperature (Figure[7.12b)
and . The assimilation of LST reduces the RMSE of each influenced soil
level during the summer and spring period, especially if the soil variables are
included in the control vector (EXPsoil and EXPatso). In comparison with the
early spring case, the summer case soil and boundary layer temperature have a
smaller RMSE (Figure[7.12 and Figure[7.13).
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Figure 7.14: Like Figure[7.12] but with RMSE evolution of (a)
specific humidity (QV') of atmospheric boundary layer and (b) of
soil moisture (W,).

The RMSE of specific humidity during the March period has a diurnal cycle
with the maximum RMSE between 1800 UTC and 0000 UTC around 0.7 km
height (Figure[7.14a)). The RMSE for the specific humidity is larger if the at-
mospheric humidity variables are included into the control vector (Figure|7.14al
second and fourth panel).

The RMSE of the soil moisture of Control and EXPatmos is very similar.
Both start with a RMSE of about 55kg/m? which grows after twelve hours of
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assimilation cycle up to over 65 kg/m? within the upper soil levels (Figure(7.14b
first and second panel). If the soil variables are included in the control vec-
tor the assimilation of LST has more pronounced impact on the soil moisture
(Figure[7.14D] third and fourth panel). Within the first twelve hours of the
assimilation experiments the RMSE of the soil moisture grows up to 65 kg/m3,
but then the RMSE is reduced to values lower than 55 kg/m?.
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Figure 7.15: Like Figure but from August 28 to August 30,

2017.

The RMSE of specific humidity during the August period shows a diur-
nal cycle as well (Figure. Its maximum close to the surface is between
1200 UTC and 1800 UTC and its minimum is between 0000 UTC and 0600 UTC
similar to the diurnal cycle of the ME of specific humidity during the summer
case study. The highest RMSE values of the August period are found around
the top of the ABL.

On average the RMSE of soil moisture of the upper soil levels during August
is smaller than during March. Only the deeper layers have a RMSE higher than
55kg/m?® (Figure[7.15b). In the deeper layers the nature run is wetter than the
assimilation experiments. This clear difference is also reflected in the RMSE of
soil moisture. While the RMSE of soil moisture decreases in the upper layers as
long as the soil variables are not part of the control vector (Figure[7.15b] first
and second panel), it increases in the layers close to the soil if the soil variables
are part of the control vector (Figure third and fourth panel).

7.3.3 Reduction of RMSE

The benefit of the LST assimilation relative to the Control is estimated by the
relative change of RMSE (rRMSE)

RMSE — RMSEcontrol
RMSE = - 100 7.3
: RMSEControl % ’ ( )
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Figure 7.16: Evolution of relative change of RMSE of temperature
of (a) the atmospheric boundary layer (T") and of (b) the soil (7%,)
from March 27 to March 29, 2017. First guess evaluated against truth
averaged over the whole experiment domain. Shown are the rRMSE
of the three experiments against Control. rRMSE of EXPatmos
(top), rTRMSE of EXPsoil (middle), rRMSE of EXPatso (bottom).
Blue shaded areas indicate an improved RMSE of the experiment, red

shaded areas indicate a deterioration. Figure taken from
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Figure 7.17: Like Figure|7.16| but from August 28 to August 30,
2017. Figure taken from [Sgoff et al. (2020).

where RMSFE is the RMSE of the respective experiment and RM .S Econtrol 18
the RMSE of the open loop (Control).

During the two-day early spring period, the RMSE of boundary layer tem-
perature is reduced in all three experiments (F igure, during daytime up
to 60 % near the ground. The greatest improvement of RMSE of EXPatmos
is between 0600 UTC and 1200 UTC on March 27 (Figure[7.164] top). The
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7.3. AUGMENTED CONTROL VECTOR TESTS

reduction of RMSE of EXPsoil is shifted compared to EXPatmos by approxi-
mately six hours through the indirect effect of the improved soil state and has
its maximum during the afternoon (Figure[7.16a] middle). EXPatso combines
successfully both improvements but also includes the increased RMSE of EX-
Patmos at the top of the ABL (Figure[7.16a] bottom). The RMSE of the soil
temperature is also reduced by the assimilation of LST, partly up to 50 % (Fig-
ure[7.16b)). The effect is best, if the coupled assimilation setting is performed
(EXPatso). The deeper soil layers keep the positive effect over a longer period
than the upper soil levels.

All in all, the effect of LST assimilation on near surface temperature dur-
ing the two days of March is stronger during the first day because more LST
observations were available and could be assimilated. On the second day, a
cloud pattern over north-eastern Germany reduced the number of observations,
and, consequently, the available LST information within the assimilation cycle

(Figurel7.6a)).

During the two-day summer period, the RMSE of boundary layer tempera-
ture is reduced in all three experiments as well. As in the two-day case in March
the main reduction is during daytime, but with its maximum up to 40 % in the
afternoon (Figure7.17a)). In the afternoon on August 29, the positive effect
of LST assimilation on the atmospheric temperature reaches up to a height of
1.5km within the experiments including the atmosphere in their control vector
EXPatmos and EXPatso (Figure top and bottom). During the night
from August 29 to August 30, EXPatmos and EXPatso show an increase of
the RMSE of the atmospheric temperature located above the ABL. A different
vertical localization during night and day could be an option to avoid this effect.
The impact of LST assimilation on the RMSE of atmospheric temperature of
EXPsoil is seen during daytime up to a height of 0.7km and does not lead to
an increase of RMSE (Figure[7.17a] middle).

The RMSE of the soil temperature is consistently reduced in each summer
experiment. The RMSE decreases as the number of assimilated synthetic LST
observations increases (Figure and . As in the early spring period
the deeper soil layers keep the positive effect longer than the upper soil layers.

Besides temperature, moisture variables in the ABL and the soil are also
influenced by the LST assimilation through cross-correlations. The direct effect
of LST assimilation in EXPatmos and EXPatso during the March period re-
duces the atmospheric specific humidity clearly too much (Figure, top and
bottom). The RMSE of specific humidity within this two experiments reaches
up to 70 %. This remarkable increase takes mainly place in the morning tran-
sition. The negative influence of LST assimilation can be due to inappropriate
covariances. In contrast, the specific humidity of EXPsoil benefits from the
assimilation of LST. On the afternoon of the second day of the experimental
period, the RMSE of relative humidity is reduced by more than 10% (Fig-
ure[7.18a] middle). Because fewer LST observations are assimilated during this
period an improvement due to the accumulated effects of an improved state of

o7



CHAPTER 7. ASSIMILATION OF LST

EXPatmos EXPatmos

28 80 20
0.014
1.5 ;
] 60 0.031 15
0.7 0.091 .
0.2 = 0.274 =X
y U= 0=
— 0.81 o
5 EXPsoil - > EXPsoil A
o VA « 5 =
= . 3 —.0.011 vz
2 19 2 Eo0; A
. 0 2 = 0 5
2 0.7 = = 0.09 =
T 0.2 = = 0.271 ~
- —20 P 0.81 -5 3
28 EXPatso %D EXPatso &
I‘r —40-5 0.014 —10 %:‘
? 0.031
0.7 —60 0.09 —15
0.2 0.271
. —80 0.81 —20
0600 1200 1800 0000 0600 1200 1800 0600 1200 1800 0000 0600 1200 1800
time of day time of day
(a) (b)

Figure 7.18: Like Figure[7.16 but the evolution of relative change
of RMSE of (a) atmospheric specific humidity (QV') and of (b) soil
moisture (W) is shown. Figure taken from Sgoff et al.| (2020)).

the soil is assumed. This positive effect can also been seen in EXPatso in an
attenuated form.
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Figure 7.19: Like Figure[7.18 but from August 28 to August 30,
2017. Figure taken from Sgoff et al. (2020)).

In contrast to the atmospheric humidity, the soil moisture can benefit from
the direct effect of LST assimilation within the soil in March by introducing
moisture (Figure[7.18D]). Within the first six hours the assimilation of LST dries
the soil, but after twelve hours of LST assimilation moisture is introduced into
the soil by LST assimilation, which reduces the RMSE mainly during daytime
by more than 12%. This positive impact only occurs if the soil temperature
and moisture are part of the control vector (Figure middle and bottom).
In the case, where only the atmospheric variables are part of the control vector,
the assimilation of LST has hardly an impact on the soil moisture. The RMSE
of EXPatmos is slightly increased (less than 2.5 %), but mostly it is close to the
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Control (Figure[7.18b| top).

As in the early spring case, the RMSE of specific humidity of EXPatmos
and EXPatso in the summer case increases during the morning transition, but
only on the first day (Figure, top and bottom). On the second day an the
RMSE of specific humidity increases during the night and morning transition

(Figure[7.19a, middle and bottom).

The difference between the soil moisture down to 0.5m in the nature run
and the assimilation experiments is smaller for the summer cases. The soil of
the assimilation experiments is only about 5% drier than the nature run (not
shown). The deeper layers of the assimilation experiments are more moist than
the nature run, they were however unaffected by the LST assimilation. As in
the spring case, the assimilation of LST introduces moisture into the upper
soil levels after twelve hours of assimilation (Figure[7.19b] middle and bottom).
The upper soil levels become too moist and only the deeper layers benefit from
the additional moisture. As in early spring the RMSE of EXPatmos is nearly

unaffected (Figure[7.19b| top).

7.3.4 Impact on Surface and Near Surface Variables
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Figure 7.20: (a) Evolution of relative change of RMSE of LST (7})
during the March and (b) during the August, 2017 experimental
period. First guess evaluated against nature run averaged over
the whole experiment domain. Shown are the rRMSE of the three
control vector experiments (Table[7.1]) against Control. (top) rRMSE
of EXPatmos, (middle) rRMSE of EXPsoil, (bottom) rRMSE of
EXPatso. Blue bars indicate a reduced RMSE of the experiment and
red bars an increased RMSE.

In comparison with the Control the assimilation of LST has a positive im-
pact on the first guess of LST of all three control vector experiments during
the two-day case studies in early spring and summer (Figure. The reduc-
tion of RMSE of LST depends on daytime and on observation ability. During
night the RMSE reduction is with around 5% to 10 % smaller than the RMSE
reduction during day with more than 10%. During the early spring period
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Figure 7.21: As Figure[7.20| but for 2m-temperature (T2M).

peaks of RMSE reduction of LST up to more than 25% are reached. Around
1800 UTC the RMSE reduction in the two-day case studies is lowest. The
reduced availability of LST observations on the second day of the March case
study (Figure leads to a lower RMSE reduction of EXPatmos. In the other
March experiments, EXPsoil and EXPatso, the lower number of observations
is less noticeable because the soil still contains information derived from former
LST assimilation (Figure[7.20a, [7.16b| and [7.18b]). During the August period
more LST observations are available on the second day (Figure and the
RMSE reduction of LST is as well stronger on the second day.

The impact on the temperature at 2metre height by LST assimilation is
positive as well (Figure. The RMSE of the experiments is reduced over
the whole experiment periods of March and August partly by up to 40%. In
EXPatmos of early spring and summer the reduction of RMSE depends mainly
on the availability of LST observations. The more LST observations there
are, the more the RMSE of 2m-temperature is reduced (Figure and ,
top panels). In EXPsoil the reduction of 2m-temperature RMSE depends on
the daytime as well. A greater improvement in the 2m-temperature can be
observed in March and August, 2017 during the day (Figure middle pan-
els). Both positive effects of EXPatmos and EXPsoil are combined in EXPatso

(Figure[7.21] bottom panels).

The sensible heat flux depends mainly on the temperatures near and at
the land surface (Equation. These temperatures were improved by the
assimilation of LST, especially during daytime (Figure(7.16al [7.16b] [7.17a] and
7.17b). This improvement during the day is passed on to the sensible heat flux
in EXPsoil and EXPatso of both case studies. The RMSE of sensible heat
flux of both experiments during the March period is reduced by up to 25%
(Figure[7.22a middle and bottom). During August the effect is smaller and the
reduction of RMSE in EXPsoil and EXPatso is up to 10 % (Figure, middle
and bottom). In contrast, the RMSE of the sensible heat flux in EXPatmos
improves and deteriorates between 0% to 10 % (Figure top panel). This
shows that the lack of direct information on the soil is clearly reflected in the
surface energy budget.
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Figure 7.22: As Figure[7.20| but for sensible heat flux (SHFL).
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Figure 7.23: Like Figure|7.20| but for latent heat flux (LHFL).

The influence of assimilation of LST on the latent heat flux depends as well
on the control vector setup. In EXPatmos of both case studies the impact of
LST assimilation is more pronounced at night and worsens the RMSE of the
latent heat flux by up to 25 % in March and up to 10 % in August (Figure[7.23]
top panels). In EXPsoil, however, the influence on the latent heat flux is more
pronounced during the day and reduces its RMSE by up to 25 % in March and
up to 10 % in August (Figure[7.23] middle panels). EXPatso, which contains soil
and atmospheric variables in the control vector, combines both, the positive and
the negative effects. During the day the RMSE is reduced by the assimilation
of LST and at night the RMSE grows through the assimilation of LST (Fig-
ure, bottom panels). The latent heat flux at the surface depends mainly on
the atmospheric humidity and the soil surface moisture (Equation. During
March the atmospheric humidity mainly suffers from the assimilation of LST
(Figure[7.18a)). At the same time the soil moisture was improved by the LST
assimilation (Figure. This negative and positive influence was passed on
to the latent heat flux (Figure. During daytime the positive influence
predominates and at night the negative influence predominates. During the
two-day August period the impact is smaller than during March (Figure[7.23al).
Including the soil into the control vector improves the first guess of latent heat
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flux during day as well, although the RMSE of soil moisture increases due to
the assimilation of LST (Figure[7.19bj).
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Figure 7.24: As Figure but for 2 m-relative humidity (RH2M).

The change of RMSE of relative humidity in 2m height coincides with the
change of RMSE of specific humidity of the lower atmospheric model levels
(Figure[7.18a [7.19a] and [7.24])). The deterioration in March and August comes
mainly from the direct influence of LST assimilation on the atmosphere (EX-
Patmos and EXPatso). While the main improvement in both case studies
comes mainly from the direct influence of LST assimilation on the soil (EXP-
soil and EXPatso) although the soil moisture in August has an increased RMSE.

To summarize, the impact of LST assimilation on the variables of the
near surface and the energy budget at the surface was stronger if more LST
observations were available and could be assimilated. Especially during daytime,
the impact of assimilation of LST improved the first guess, but during nighttime
the positive impact is smaller or with regard to atmospheric humidity and
corresponding surface fluxes even negative (Figure|7.18a] and [7.23)).

7.3.5 Evaluation of 24-hour Forecasts

All in all, the assimilation of LST led to improved initial conditions for the
ABL and the upper soil of the forecast model. To investigate the effect of LST
assimilation on the COSMO-model forecast, a 24-hour forecast was simulated
every six hours. The assimilation free forecasts were initialised from Control
and FXPatso of the two-day experiments in March and August, 2017.

As illustrated in Figure[7.25a], the LST assimilation during the two-day study
in March 2017 based on EXPatso has a positive impact on the temperature of
the ABL. In the EXPatso forecast started at 0600 UTC the RMSE is reduced by
over 20 % in the first ten forecast hours within the lower levels of the atmosphere
up to 0.7km (Figure[7.25a] top). In contrast, at the top of the ABL, the first
three forecast hours have an increased RMSE about 10% to 20%. After 12
forecast hours the reduction of RMSE is negligible.

62



7.3. AUGMENTED CONTROL VECTOR TESTS

. 24 hour forecast, start 2017-03-27 0600 UTC 24 hour forecast, start 2017-03-27 0600 UTC

1 001
40 E 003 40

7 =
0.7 Z 009
0.2 = = o027

0.81

height [km]

=4
3

24 hour forecast, start 2017-03-27 1200 UTC 24 hour forecast, start 2017-03-27 1200 UTC

00
E 003
= 0.09
5

= o027

0.81

=N
o o

height [km]
=3
5
=3
o

24 hour forecast, start 2017-03-27 1800 UTC 24 hour forecast, start 2017-03-27 1800 UTC

|
o
S

change of RMSE of soil temperature [%

&
S
change of RMSE of temperature [%

_ o

£ 003
=

2 009
£

=027

0814

0

S = 2
a0 @

=)
_ o
|
i
S

= |

|
=
S

height [km]
=3

121 181 ol 121 181

forecast hour forecast hour
(a) (b)

Figure 7.25: (a) Change of rRMSE of the early spring case for
three free 24-hour forecasts of temperature of atmospheric boundary
layer (b) and of soil levels. (Top) One started after six hours of LST
assimilation, (middle) one after 12 hours of LST assimilation and
(bottom) one after 18 hours of LST assimilation (lower panels). The
forecast started from EXPatso and the Control are evaluated against
the truth averaged over the whole experiment domain. Shown is
the rRMSE of EXPatso against Control. Blue shaded areas indicate
an improved RMSE of EXPatso and red shaded areas indicate a
deterioration. Figure taken from [Sgoff et al. (2020).

The forecast started on March 27 at 1200 UTC has also an improved ABL
temperature because of LST assimilation (Figure[7.25a middle). The positive
effect on ABL temperature lasts for four hours near to the surface and for
six hours between 0.2 to 0.7km. After six hours of forecast to nine hours of
forecast, around the evening transition, the ABL temperature RMSE is 10 %
larger than of Control. This negative effect is reduced to around 3% after
nine hours of forecast. The forecast started on March 27 at 1800 UTC shows
only short-lasting improvements of LST assimilation (Figure, bottom).
Because of the growing cloud cover less LST observations were available that
results in a smaller impact of LST assimilation. Around 18 hours of forecast a
RMSE reduction of 15 % occurs, possibly due to the indirect effect of improved
soil variables.

In general, the soil temperature forecast is improved by the LST assimilation
over each soil level down to 1m (Figure(7.25b)). The soil temperature RMSE of
the forecast started at 0600 h is mainly reduced during the first three forecast
hours within the upper 0.1 m of the soil. The forecast started at 1200 h includes
an even bigger reduction of soil temperature RMSE up to six hours down to
0.5m. A reduction of soil temperature RMSE around 20 % lasts for the whole
24-hour forecast, i.e. the soil temperature keeps the effect of LST assimilation
longer than the ABL temperature. The reduction of soil temperature RMSE
over 20 % remains over the whole 24 hours of the forecast started at 1800 h.
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Figure 7.26: As Figure[7.25/but forecasts of the August case. Figure
taken from [Sgoft et al.| (2020).
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The 24-hour forecasts of atmospheric temperature and soil temperature
based on EXPatso of the two-day study in August 2017 also benefit from the
LST assimilation (Figure, but the benefit is less pronounced than during
the two-day study in March 2017. The first four forecast hours of the tempera-
ture of the ABL started at 0000 UTC have a 10 % reduced RMSE and a further
reduction of more than 10 % around 12 hours of forecast (Figure[7.264 top).

In the EXPatso forecast started 0600 UTC, the RMSE of the atmospheric
temperature is reduced over the first 12 hours (Figure[7.26al middle). The re-
duction of the RMSE up to the height of 0.2km ranges between 10 % and 30 %
(only first forecast hour). The forecast started on August 29 at 1200 UTC profits
from the LST assimilation during the first six forecast hours. The forecast of
the atmospheric temperature is improved up to a height of 1.5 km (Figure7
bottom). After 22 hours a RMSE reduction of 15% arises. This reduction
coincides with an improvement of soil temperature of the same forecast which
indicates that the soil may have a positive effect on the atmosphere over the
whole 24-hour forecast.

As in March, the soil temperature forecast is also improved in August. The
assimilation of LST reduces the RMSE of the forecast of the soil tempera-
ture down to 1 m with the main reduction occurring in the first three forecast
hours (Figure[7.26b)). The forecasts started at 0600 UTC and 1200 UTC keep
the reduction of the RMSE of soil temperature longer than the forecast started
0000 UTC, especially in the deeper layers between 0.1 m and 0.3 m (Figure,
middle and bottom). After 20 forecast hours from forecast started at 1200 UTC
the reduction of RMSE of soil temperature increases again (Figure, bot-
tom).

To summarize, the soil temperature, especially the levels between 0.1 to

0.3 m, keep the positive impact of LST assimilation longer in the forecast than
the ABL temperature. The soil moisture also keeps the positive or negative
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impact longer than the specific humidity of the ABL (not shown).

7.3.6 Summary

The experiments show that the assimilation of LST reduces the RMSE of
atmospheric and soil temperature. During daytime this positive impact is
even stronger than during nighttime. In the experiments with the weakly
coupled data assimilation system the positive impact is mainly restricted on
the part of the model, atmosphere or soil, whose prognostic variables are part
of the control vector. The fully coupled COSMO-KENDA-system combines this
impacts and thus outperforms the weakly coupled assimilation systems restricted
to soil or atmosphere only. The effect of LST assimilation on the atmospheric
humidity and the soil moisture is both, positive and negative. This indicates
that the background cross-correlations of the LETKF between the synthetic LST
observations and the moisture variables are not appropriately represented.
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Chapter 8

Ensemble Consistency Score

The assimilation of LST proves to be differently successful (Chapter|7)). The
impact of LST assimilation depends on time of day and whether the temperature
or humidity variables are evaluated. A possible reason for these differences could
be spurious correlations between the synthetic LST observation and the related
temperature and moisture variables. Therefore, it is of high interest to determine
if the ensemble covariances are able to represent the model correlations of
the nature run. The evaluation of background error covariances is a separate
area of research and a detailed review was presented by Bannister (2008ab).
The aim of this chapter is to introduce a numerical indicator, which provides
information about the quality of the ensemble covariances between two variables
in a simple way. Thus, a dimensionless value ¢ - from now on named ensemble
consistency score - is derived in Section[8.1] Its suitability to indicate whether
the covariances of the ensemble at a certain grid point match the true covariances
of the nature run at the same point or not is evaluated with a Lorenz 1963

system (Section|8.2.2)) and with the known truth of the OSSEs of this thesis

(Section|8.3.2)).

8.1 Derivation

The analysis step of the assimilation cycle depends on appropriate observation
and background error covariances. This thesis is based on an OSSE setup,
therefore the observation errors are known by definition. Consequently, the
focus is now on the background error covariances P°. The aim is to introduce
an ensemble consistency score ¢, which indicates accurate background error
covariances within the fully coupled land-atmosphere assimilation system if ¢
is positive and incorrect background error covariances if ¢ is negative. The most
popular study about the diagnosis of data assimilation error statistics is by
Desroziers et al.[ (2005). Within their study they defined consistency diagnostics
of errors in observational space based on the information of innovations in
the observational space. Their consistency diagnostic on background errors
is based on the condition that if the background error covariances P® and
observation error covariances R in observational space correspond to the true
error covariances then

E[H(x*) — H(x")(y — Hx")'] = HP"H" . (8.1)
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Here, E equals a statistical expectation operator, H is the nonlinear observation
operator and H the observation operator matrix derived from the linearized H.
The background state is given by the vector x”, the analysed state by x* and
the observations by the vector y.

Within this thesis, the consistency check of background error covariances is
based on the information of the true state itself, because the truth provided
by the OSSE can be used to verify the background error covariances of the
model ensemble. Therefore, the score ¢, gives insight in the quality of the model
ensemble and further can give information about the expected analysis: if the
background error covariances are consistent with the nature run the impact on
the analysis is positive and vice versa. In the following, the analysis step is
considered as correct if the assimilation leads to an analysis ensemble mean 7%,
which is closer to the truth " than the mean of the background ensemble Z°

(Figure[3.1)).

Xtrue }_(b
X X
N -

Figure 8.1: If the mean of the analysis ensemble 7% is within the
blue area, then Equation[8.2] is fulfilled and the analysis step at the
certain grid point is successful. 2" is the true value and Z" the
mean of the background ensemble.

This condition can be checked at each grid point for each variable ¢ of the
control vector

[T} — ] < |77 — @, (8.2)

where 7% is the ensemble mean of the analysis of the variable, Z} is the ensemble
mean of the background of the variable and z™® is the true value of the variable.
As in the work of Desroziers et al.| (2005)), statistical linear estimation theory is
used as the initial equation to derive the score q. The analysis X* is given by

x* =x” + P’ HT(R + HP"HT) (y — HX"), (8.3)

where PP equals the background error covariance matrix, y is the observation,
H equals the linearisation of the observation operator, and R equals the
observation error covariance matrix. Background error covariances between
different variables can be correlated. This effect can be seen by focusing on
the covariances between one observed variable (i = 1) and any model variable
that relates to the observed variable (i = 2), hence the observation operator H
is simplified as Hy = (1,0). The background error covariance matrix P® is a
2x2 matrix derived from the background ensemble and R is the observation
error variance and thus assumed as a constant value Ry. Including these
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simplifications, Equation [8.3| reads as

()= E)Co i) (@) [rrao (i) ()] oo ()]

which can be simplified to

@;) = @g) + (Zi) (Ro+ b)) My —20). (8.4)

This equation can be divided into its independent components. As a reminder,
1 = 1 indicates the observation or alternatively the appropriate model equivalent
of the observed value and ¢ = 2 indicates the related model variable.

I b1y _
Ty =T + m(y —77), (8.5)
—a ba1 _
Ty =T+ m(y — 7). (8.6)

The further focus is on Equation[.6] because it includes the ensemble
covariances between the observation and the corresponding model value. For
example, 7V is the ensemble mean of the simulated LST, y is the synthetic
LST observation and Z5 is the ensemble mean of the specific humidity of the
lowest atmospheric model level. The difference between the analysis 75 and the
background 75 in model space can be written as:

o b _
TE — Tp = ﬁ(y — 7). (8.7)

Bannister| (2008a)) derived this equation in a more general form

b
a_ b _p Yy— Ty _
X € lkbkk+R0 (8 8)

(Bannister} 2008a, Equation 12) to describe how the P® of the observed compo-
nent (k-th component) and the [-th component of the control vector affects the
analysis. Equation[8.7 and show that although only one observation y of the
model state is included, the state of the component is also changed. Hence, the
observation information is distributed in the model space via the background
error covariance matrix PP, Accordingly, a mismatching PP can cause spurious
correlations between the variables and consequently these errors are passed on
to the not observed components. In contrast, a consistent PP improves the
analysis. To examine the consistency of PP within this thesis the nature run is
used.

The product between the difference of the analysis and the background mean
(73 — 75) and the difference between the true state and the background mean
(e —75) s

(5 — )3 — 78) = (af — )

(y— 7). (8.9)
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If the model state is pulled by the analysis step into the direction of the true
state, the left hand side of Equation[8.9]is positive, i.e. the right hand side of
Equation[8.9) necessarily is positive and guarantees a successful analysis step:

b
(zhve — 7)) —=2L (y — 7)) > 0. (8.10)

1
by = ——— ) (21 —77)(z3 — T3) (8.11)

and

1
by =——) (2} —z)?. (8.12)
1=1
The model ensemble consists of L ensemble members, here L = 40 was chosen
to remain consistent with the OSSE. Based on Equation[8.10] the first version of
the score ¢ can be deduced:

L rue ey — —] —]
77 i (@8 = T) (2 — 37) (2 — T3) (y — )
Ry + ﬁ Zf:l (xll - E?)z

If ¢; is positive the ensemble is moved by the analysis step in the correct
direction, but ¢; also includes the possibility that the analysis step pushes the
ensemble to far in the correct direction. Hence, this behaviour induces wrong
ensemble covariances as well. To take care of this problem ¢ and thus the left
hand side of Equation[8.9) as well is normalized:

q = (813)

TS — T )
xgrue _ 5123 = (:L,grue _ Tg)z = {norm - (814)

Considering Equation (illustrated by Figure the difference between x4

and 2" must not be more than twice as large as the difference between T5 and

xgrue .

—=a __ b
()g%gz. (8.15)
2 2

Only then the assimilation step is considered as successful at this point, i.e. a
consistent covariance between the ensemble and the truth is represented by all
values of ¢norm Which fulfill 0 < guom < 2. Using an adjusted parabola

q¢=1— (Guorm — 1) (8.16)

a positive ¢ represents exactly 0 < guorm < 2.

The ensemble consistency score ¢ can be seen as a score which forecasts
if the assimilation step works well based on the knowledge gained from the
ensemble covariances. If ¢ is positive the correlations are correctly represented
and the assimilation of the observations improves the related model state. If ¢
is negative, the assimilation step leads to a deterioration of the related model
state. The score ¢ does not indicate whether the variables are positively or
negatively correlated. The score ¢ indicates if the correlation of the ensemble
matches the truth.

69



CHAPTER 8. ENSEMBLE CONSISTENCY SCORE

8.2 Lorenz 1963 System Experiments

8.2.1 Experimental Setup

To examine the ensemble consistency score ¢ derived in Section[8.1] test cases
were conducted with a Lorenz 1963 system based on an OCTAVE code example of
Nakamura and Potthast] (2015) described in Appendix[A] The nature runs of the
test cases were generated by the three coupled ordinary differential equations
of the Lorenz 1963 system equation. The state of the nature run is given by
x = (1,79, 23)T € R3. Every nature run was started from xj,;; = (0, —10, 21)
and calculated Neyce time steps into the future. The nature run was assumed
as the truth and each time step t; with j = 1,..., Neyee With time interval
dt = 0.1 the first component of the state was observed. For that purpose an
observation y was calculated by y = Hx + e with the observation operator
Hxr = Hp = (1,0,0) and a random noise perturbation e. Furthermore, at each
time step t; the assimilation step was performed and the score g was derived for
the evaluation of the covariance between the observed state component z; = x(1)
and the second state component x5 = x(2) as g, and between z; = x(1) and the
second state component z3 = x(3) as ¢3. The assimilation step was performed

Table 8.1: Setup of Lorenz 1963 experiments on the ensemble
consistency score gq. Dependencies of H and R are evaluated. The
observation operator H of the analysis step either corresponds to
the observation operator Hy from the calculation of ¢ or it deviates
slightly from Hy: H = (h,0,0) with h = {0.80,0.81,...,1.19,1.20}.
For the observation error R also applies: either it corresponds to the
observation error Ry from the computation of ¢ or it differs slightly:
R=r=1{0.01,0.02,...,0.29,0.30}.

Exp Assimilation Cycle Calculation of ¢
obs. operator H \ obs. error R | obs. operator H \ obs. error Ry
1 HQ RO HO R()
2 H = (h,0,0) Ry Hy Ry
3 H() R=r HO R()

by an ensemble Kalman filter (see Section[2.1) with a 40-member ensemble.
To reproduce the difference between the model and the truth, the Lorenz 1963
system used for the model forecast step of the data assimilation cycle differed
from the Lorenz 1963 model of the nature run by the Prandtl number o (nature
run: o9 = 9, model: o5 = 15). To evaluate ¢ and its sensitivities three Lorenz
1963 model experiments were carried out (Table[8.1)).

8.2.2 Results

Within the first experiment the observation operator H used within the as-
similation cycle was set as it is assumed within the derivation of ¢, i.e.
H = Hy = (1,0,0). The observation error R of the assimilation cycle was
set as constant R = Ry = 0.15 and equal to the observation error of the
computation of the score ¢ (Table. The ”butterfly”-trajectories generated
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x1 10 20 -30

Figure 8.2: Nature run (green), background (blue) and analysis
(red) are simulated by the Lorenz 1963 system for Neyae = 500
time steps. Shown are the first 60 time steps. At each time step
an observation (dots) is taken, an assimilation step based on the
ensemble Kalman filter is carried out and ¢ is calculated.

by the Lorenz 1963 system of the nature run and the assimilation cycle are
shown in Figure[8.2l The state of the system consists of three components,
whereby x; is observed. Thus, the ensemble covariances between the observed
component x; and the other components x5 and x3 are of interest. In a NWP
model, for example, the observed quantity could be a temperature, while the
further components are humidity, pressure or wind. The score ¢ is determined
at each time step for x5 and z3. In the following ¢, describes the score of
the ensemble consistency between x; and zs and g3 describes the score based
on the covariances between x; and x3. Due to the choice of H and R within
the assimilation cycle, it is expected that a positive ¢ would coincide with a
successful analysis step (Equation is fulfilled) and a negative ¢ would be
associated with an unsuccessful analysis step (Equation[8.2]is not fulfilled). If
this is the case, the score ¢ matches the result of the assimilation step, which
is illustrated by Figure[8.3] Hence, the performance of the analysis steps de-
pends on the use of appropriate background errors and ¢ gives an insight in
the appropriate representation of the ensemble covariances between x; and x-
and, x; and x3. In this test case of Neye = 500 time steps, ga was positive
in about 43% of the cases, i.e. in 44% of the analysis steps the ensemble
covariances between the observed state z; and the second state component
o matched the nature run. In contrast, in about 52 % cases g3 was positive,
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(a) Bar plot of the fraction of time steps in the

experiment, that fulfill the conditions: sign of ensemble consistency
score ¢ matches the impact of the assimilation step on xa, ¢ > 0
and go <= 0. (b) Like (a) but for the third component.

hence on average the assimilation of the observed x; has a positive impact on z3.

Table 8.2: Contingency table of g of the Lorenz 1963 system.

q >0

q<=0

Eq.18.2[ fulfilled

Hits:
q >0 matches success-
ful analysis step

Misses:
q <=0, but successful
analysis step

Eq.18.2| not fulfilled

False Alarm:
q > 0, but unsuccessful
analysis step

Correct Negative:
q <=0 matches unsuc-
cessful analysis step

The first experiment was based on an analysis step which took the simplifi-
cations and the assumptions of the computation of the score ¢ (Section into
account. In the most cases the simplified observation operator Hy = (1,0,0) is
not applicable because the observation value is not covered directly by the model
values or not directly located on the analysis grid. In general, the observation
operator H of the analysis step does not reproduce an exact image of the real
observation. Here, due to the OSSE framework, the generation of the observa-
tion y is clearly defined: y is observed by the observation operator Hy = (1,0, 0)
from the first model state x; of the nature run. As a first sensitivity test of
the dependency of ¢ on the accuracy of the observation operator H in the anal-
ysis step, several Lorenz 1963 experiments were performed with successively
shifted observation operators, H = (h,0,0) with A = {0.80,0.81,...,1.19,1.20}
(Table[8.1). To limit the statistical noise of the results 500 time steps of each
nature run and assimilation cycle were simulated.

The observation operator H of the analysis step has mainly impact on the
result of the assimilation step itself. Thereby, H influences how often the sign
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of ¢ predicts the impact of the analysis step correctly (Figure. The sign
of ¢ and the result of the analysis step match if the observation operator of
the analysis step H and the observation operator of the computation of the
score Hy are equal. Then every positive ¢g-value is associated with a successful
assimilation step and every negative g-value is associated with an unsuccessful
assimilation step. With increasing difference between H and H, the agreement
between g¢-value and impact of the assimilation step decreases from 100 % to
80 % (Figure. This decrease occurs for ¢; and g3. The decrease in the agree-
ment is due to positive ¢g-values associated with an unsuccessful analysis steps
and vice versa. Therefore, the score g is the more reliable, the more accurately
the model equivalent represents the observations. The differences between the
rat of hits, correct negatives, misses and false alarms of ¢ and ¢3 are based on
the model system an will likely differ in other systems.

1 : . 1 !
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Figure 8.4: Observation operator H sensitivity test of ensemble
consistency score ¢o (a) and ¢3 (b). The observation operator
Hy of the calculation of the g¢-values differs from the observation
operator of the assimilation cycle H = (h,0,0). Several choices of
h = {0.80,0.81,...,1.19,1.20} are evaluated. Shown is the fraction
of ¢ matches the impact of the analysis step (blue). Based on
Table[8.2) hits (red), correct negatives (yellow), false alarms (purple),
and misses (green) are shown.

In addition to the inaccuracy of the observation operator, an uncertainty
of the observation error covariance matrix R could also reduce the informative
value of ¢. Within the third Lorenz 1963 experiment the observation error vari-
ance R = {0.01,0.02,...,0.29,0.30} of the analysis step differs from Ry = 0.15
which was assumed within the calculation of ¢ (Figure[8.F)). If different R values
are used in the analysis step and the computation of ¢, the consistency of the
ensemble covariance between observed value x; and the other variable x5 and
r3 can be over- or underestimated. If R < Ry more false alarms occur. On
the other hand, if R > Ry more misses occur. To avoid these inaccuracies a
consistent value of R is important. Overall, the observation error or noise of
the observed value R has less influence on the determination of the reliability
of the score ¢ than the choice of the observation operator H. Especially, in the
case R > Ry the agreement between the score ¢ and the impact of the analysis
step (Equation[8.2)is fulfilled) is only slightly reduced.
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Figure 8.5: As in Figure, but as sensitivity test of
the observation error covariance matrix R with R = r =

{0.01,0.02, ...,0.29,0.30} and Ry = 0.15.

8.2.3 Summary

The score ¢ introduced in Section8.1] is an estimator of the consistency of the
ensemble covariances. The quality of its predictions will depend on the assimi-
lation system it is deployed for. In this section, the score ¢ was tested using an
assimilation system with a fully controllable forecast model: the Lorenz 1963
system. The focus was on the impact of observation operator H and observation
covariance matrix R on the reliability of the score q.

With the simplification of Hy = (1,0, 0), model space and observation space
are defined as identical. Through differences between H, and H, the ensemble
covariances have to be translated from the model space into the observational
space. Thus, the ensemble covariances in model and observational space differ
from each other. This differences become visible once the sign of the score ¢ no
longer matches exactly with the impact of the analysis step. The observation
covariance errors R also influence the reliability of ¢g. The sign of ¢ is usable as
an indicator for Equation[8.2] for being fulfilled or not, even if R deviates from
Ry. For this experiment, the noise of the observation has lower impact on the
reliablity of ¢ than the choice of the observation operator. An even more precise
evaluation of the sensitivity of the score ¢ to the observation error covariance
R would be possible by calculating 57‘1%. Likewise, calculating ;—1‘3] would allow to
estimate the local sensitivity of the score ¢ to the observation operator H.

8.3 Experiments with Synthetic Land Surface
Temperature

Based on the results of Chapter[7], the covariances between the LST and near
surface temperatures (soil and atmosphere), and the LST and near surface
humidity (soil and atmosphere) are investigated. Similar to the soil moisture
covariance study by |Lin and Pu (2018), the correlations between LST and the
top layer soil temperature (T3,(1)), LST and soil moisture (W, (1)), LST and
the bottom-layer (model level 50) atmospheric temperature (7°(50)), and LST
and specific humidity (QV(50)) are evaluated. Hereby, each analysis grid point
is evaluated independently without consideration of the neighboring pixels. In
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addition, the score ¢ is used to verify whether these correlations match the
nature run. Thus, the following questions are answered within this section:

e What are the correlations between the near-surface variables and the land
surface temperature?

e Do the model ensemble correlations of the assimilation cycle fit those in
the nature run’?

8.3.1 Experimental Setup

The synthetic setup of the LST OSSE experiment provides a known truth. That
is why it is a good environment to test the score ¢ and the proper operation of
the COSMO-KENDA system. The synthetic observations and their errors can
be defined exactly (Chapter@. Hence, it is possible to work with the simplified
observation operator Hy within the assimilation. To allow the usage of Hj as
observation operator in the analysis step, the observation operator H of the
LST was adjusted in this section. In the following experiments the synthetic
observations are observed directly at the location of the COSMO-model grid
points and the model equivalent H (XP) is directly defined by the ensemble mean
of the diagnostic variable T,. To examine the score ¢ (Equation properly,
both the daytime (1000 LT to 1400 LT) and the nighttime (2200 LT to 0200 LT)
of the case studies in March and August 2017 are investigated.

In the current operational use, the COSMO-KENDA ensemble consists of
40 ensemble members and one deterministic run. To overcome restrictions
due to the ensemble size KENDA offers several tools. The tools include the
possibility to localize the observational impact and adjust covariances and model
and observation errors:

e Adaptive observation error covariance matrix: Usually the
observation error covariance matrix R is assumed as a diagonal matrix
with the variances on its diagonal. Additionally, R can be adaptively
updated due to observation type and height. With help of the Desroziers
method (Desroziers et al., 2005) it is possible to create an error table,
which than can be used for updates of R.

e Adaptive background error covariance matrix inflation: The
background error covariance matrix PP is usually underestimated. The
number of ensemble members is to small to sufficiently represent a correct
model error. After each analysis step PP can be increased by multiplication
with p. The default value is p = 1.1.

e Relaxation of Prior Perturbations: To increase the ensemble spread
again after each assimilation step, the analysis perturbation matrix W# is
updated in ensemble space. That means that o,/ with oy, = 0.75 is added

to the analysis perturbation matrix (Wi ... = (1 — o) W?* + o).

These adaptive modifications of the B- and R-matrix are not reflected in the
score ¢, therefore they are not used for the following experiments. Since no
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error table is generated for the LST retrieval, R is not additionally updated
and the tool of the adaptive observation error covariance matrix has no im-
pact on the calculation of ¢. For simplicity, however the standard deviation
of each synthetic LST retrieval is set to the fixed value 0.5 K. The relaxation
of prior perturbations has also no direct impact on the ensemble covariances
and the calculation of score ¢ because only the ensemble spread of the analysis
is modified, in contrast to the analysis mean, which is used to determine a
successful analysis step (Equation. Hence, the adaptive background error
covariance matrix inflation had to be adjusted so that the same ensemble covari-
ances are used in the analysis step and in the calculation of ¢q. For this purpose,
p = lis set in the following to omit the matrix inflation in the assimilation cycle.

Furthermore, it is crucial to also consider the vertical and horizontal lo-
calization of the observation error matrix R because the localization of the
observational impact is regulated via R (Section. To ensure that only one
observation at an analysis step influences the atmosphere and the soil around
the observation a strong horizontal localization is needed. Hence, the horizon-
tal localization length scale hy,. was set to a constant value of 700m in the
conducted experiments, i.e. the localization cut-off is at about 2.5km and the
horizontal impact of one observation is restricted to the model column of the
grid point where the observation is located. At the same time the vertical
impact by the assimilation of the LST retrieval on the correlated atmospheric
and soil variables should not be attenuated. Thus, the vertical localization scale
Uloe 18 set to 101In(p), which is synonymous with no vertical localization at all.
Table[8.3 illustrates how the KENDA system has to be adjusted to fulfill the

mentioned conditions.

Table 8.3: Namelist settings of KENDA changed due to ensemble
consistency score test case.

’ Name ‘ OSSE ‘ Experiment ‘ Explanation ‘
rho 1.1 1.0 no extra adjustment of B
hioe 5.5 km 0.7km strong horiz. localization
Viec 0.3 10 no vertical localization
g-bound True False no humidity adjustment
rf 3 1 no coarse analysis grid
sat_ad True False no humidity adjustment
hyd_bal True False no pressure adjustment
adap_loc True False no adaptive localization

To save computational costs, the operational KENDA-system calculates the
transformation matrices on a three times coarser grid. To avoid discrepancies
between the H used within the KENDA assimilation cycle and Hy which is used
to calculate ¢ within this section, the transformation matrices are calculated
on the full COSMO-model grid of the experimental domain. Thus, the LST
observation y is derived by the interpolation described in Chapter[f] from the
nature run on the COSMO-DE model grid of the experimental domain. The

first guess T associated with the observed LST is the land surface temperature
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of the model forecast (7},) at the respective grid point. Under consideration of
these conditions g can be derived in agreement with the assimilation cycle:

(25 — Z0)bar ((y — T7)

— 8.17
@ 0.25 + by (8.17)

q
norm — i 8.18
o = (o — 73y S
¢=1— (quorm — 1)*. (8.19)

Here, x4 is assumed as the true state of one of the examined atmospheric or
soil variables (xf"¢ = {T'(50), QV (50), Ty(1), Wi, (1)}). Due to the adaptions
mentioned above the success of the assimilation cycle depends significantly on
the quality of the P matrix. Thus, the score ¢ provides information about the
quality of the ensemble covariances and about the positive or negative impact
of an analysis step. In this context ¢ > 0 coincides with a successful analysis
step and ¢ <= 0 coincides with an unsuccessful analysis step (Figure.
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Figure 8.6: (a) Example of ensemble consistency score ¢ of LST
and T'(50) on March 27, 2017 at 1200 UTC split into positive ¢g-values
(blue dots) and negative g-values (orange dots). The g-values are in
agreement with (b) the impact of LST assimilation on 7(50) at the
same time, a positive impact by the assimilation of LST is illustrated
by blue dots and no or a negative impact by orange dots.

8.3.2 Results

To evaluate the ensemble covariances of the case studies from March and August
2017, adapted observations were generated, based on the conditions described
in Section[8.3.1] The adapted LST observations were assimilated each hour
initialized from EXPatso during the day (1000 LT to 1400 LT) and night hours
(2200 LT to 0200 LT). In the following, the ensemble correlations between the
LST and the near-surface variables (7°(50), QV (50), Ty (1) and Wy, (1)) are as-
sessed during night and day. Hereby, the score ¢ is used to determine how well
these correlations reflect the nature run. Like in the assimilation experiments
(Chapterm), a boundary of ten grid boxes is omitted in the following evaluation
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Figure 8.7: The temporally averaged ensemble correlations between
LST and the top-layer soil temperature Ty, (1) (first row), top-
layer soil moisture Wy, (1) (second row), bottom-layer atmospheric
temperature 7'(5) (third row) and bottom-layer atmospheric specific
humidity QV(50) (fourth row) from March 27 to March 29, 2017.
Under the category ‘DAY’ all samples valid from 1000 LT to 1400 LT
are summarized. Category ‘NIGHT’ covers the times valid from
2200 LT to 0200 LT and category ‘ALL’ covers all samples. The areal
mean of each sample is shown above the respective plot. White areas
indicate regions without observations due to clouds or lakes during
the investigated period.
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Figure 8.8: As Figure but from August 28 to August 30, 2017.

to avoid boundary effects.

The correlation between LST and Ty, (1) is particularly strong compared to
the other assessed near-surface variables (Figure[8.7 and first rows). During
the March and the August case study, the two temperatures are positively
correlated with negligible differences between day and night and with around
8 % higher correlation coefficient in August. The most noticeable difference
between day and night are shown by the correlation between LST and W, (1)
(Figure and second rows). In both cases, March and August, the cor-
relation is negative during the day, while at night the correlation coefficient
is close to zero. During summertime the radiative solar heating is larger than
during wintertime. Hence, the exchange between the soil and the atmosphere
due to turbulent fluxes is stronger during summertime. The stronger correlation
between LST and the bottom-layer atmospheric variables, 7'(50) and QV (50),
in summer is also evident in the conducted case studies of this thesis (Figure[3.7]
and third and fourth rows). Both considered atmospheric variables are pos-
itively correlated with the LST whereby the temperature 7'(50) is more strongly
correlated than the specific humidity QV'(50). While in March the correlation of
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LST with the atmospheric variables is stronger at night, in August it is stronger
during the day.
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Figure 8.9: Evaluation of appropriate correlations of the case
studies in (a) March and (b) August, 2017. Shown is the
percentage of ¢ > 0 computed for the ensemble covariances between
LST and surface-near variables such as bottom-layer atmospheric
temperature (7°(50)) and specific humidity (QV(50)), and top-layer
soil temperature (7T, (1)) and moisture (W, (1)) shown during night
(blue bars) and during day (orange bars). The black error-bars
indicate the standard deviation.

Improvements due to the assimilation of LST were mainly achieved for soil
and atmosphere temperatures. Here, also the correlation with the observation
is strongest. The next step is to check how well the score ¢ classifies the found
correlations and whether they fit the nature run. With regard to the temper-
atures, not only the correlation with LST is more pronounced, but they also
match better with the nature run than the bottom-layer atmospheric specific
humidity and the top-layer soil moisture (Figure. In March during night
and in August during day, when the temperatures are strongly correlated to the
LST, the score ¢ is mainly positive as well. The weaker correlation between the
LST and the humidity variables is accompanied by a score ¢ that is frequently
below zero. In most of the investigated cases, the probability for the humidity
variables of a positive ¢ is about 50%. Only during daytime in August the
atmospheric specific humidity is noticeable. Here, the correlations determined
by the ensemble only match the nature run in 30 % of the cases.

At certain points in the case studies the assimilation of LST had a partic-
ularly positive or negative impact on the atmosphere and soil - so we ask the
question whether the score ¢ also fits or fits not, respectively. However, some
examples follow in detail. The first example deals with the impact of LST on
the atmospheric temperature in different height levels. In the experiment during
August, the RMSE of atmospheric temperature was improved during day, but
during the second night, the RMSE of the atmospheric temperature increased
above the ABL (Figure[7.17al). To compare the different height levels, the atmo-
spheric temperature of the bottom-layer (7'(50)) and of one layer near the top
of the ABL during day (7(42)) are examined for their g-values (Figure[8.10)).
During daytime, the g-values of T'(50) and T'(42) are similar and positive in
around 65 % of the cases. In contrast, during nighttime both temperature layers
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Figure 8.10: Maps of positive ¢g- (blue dots) and negative g-scores
(orange dots). Shown are the g-values computed on the base of
the ensemble covariances between LST and T'(50) (first column),
and LST and T'(42) (second column). The sign of the g-score is
displayed at August 29, 2017 1200 UTC (first row) and at August 30,
2017 0000 UTC (second row). White areas indicate regions without
observations due to clouds or lakes.

differ distinctly. While 67 % of the g-values of the temperature in the bottom-
layer are positive, only 30 % of the g-values of T'(42) are positive, i.e. within the
model layer above the nocturnal ABL, the ensemble of the assimilation cycle
and the nature run do not match. This mismatch results in an analysis, which
is pulled in the wrong direction. Hence, the assimilation of LST has a negative
impact on 7'(42).

Another interesting case in August concerns the impact of LST assimilation
on specific humidity, the impact is negative on the first night of the case study
and positive on the second night (Figure. However, the fractions of posi-
tive and negative ¢g-values at these times shows only a small difference. On the
first night, only about 5% less g-values are positive. Thus, the impact of LST
assimilation seems to be due to noise within the background error covariance
matrix.

The influence of the assimilation of LST on soil moisture has a mainly
positive impact during March (Figure and a mainly negative impact
during August (Figure|7.15b)). However, there is always a shorter time range
when the influence of LST assimilation is exactly the opposite. If these points
in time are compared, it can be seen that the positive impact coincides with
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Figure 8.11: As Figure but shown is the sign of the ¢-score
computed on the base of the ensemble covariances between LST and
bottom-layer atmospheric specific humidity QV'(50). The sign of the
g-score is shown at August 28, 2017 2300 UTC (first column) and at
August 29, 2017 2300 UTC (second column).
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Figure 8.12:
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top-layer soil moisture Wy, (1).
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less observations and a larger fraction of positive g-values in percentage terms
(Figure[8.12)). Thereby, in March 62 % g-values are positive and in August about
54 %.

8.3.3 Summary

The case studies in March and August 2017 were examined for their correlations
and their ¢g-values. It is found that the correlations between temperatures,
especially between LST and soil temperature, are stronger than those between
LST and the humidity and moisture variables. Particularly, in August at
day and in March at night the background error covariances concerning the
temperatures (7'(50) and T,(1)) fit well to the nature run. The humidity
variables (QV(50) and Wy, (1)) are less distinct. The impact on them by
LST assimilation seems to be based more on noise than on correct correlations
(Section[8.3.2). Since the nature run of this thesis corresponds to the higher-
resolution COSMO-model, one would expect more positive g-values due to the
use of the same model during the assimilation cycle. If ¢ is below or equal to
zero, the nature run does not match with the ensemble covariances of the lower-
resolved COSMO-model. This supports the assumption that either in these
case studies the ensemble spread is biased low or that the ensemble is not large
enough to adequately represent the covariances.
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Chapter 9

Conclusions

LST retrievals have been assimilated in an OSSE framework in a coupled land-
atmosphere NWP-model. To obtain a suitable LST model equivalent, the
representation of LST in the COSMO-model was evaluated and two vegetation
temperature schemes were analyzed. For improvement of the model equivalent
the skin conductivity scheme (Schulz and Vogel, 2020) was implemented and
applied in the experiments. With the conducted OSSE experiments the poten-
tial impact of the assimilation of LST was determined and differently coupled
land-atmosphere assimilation systems were tested. The experiments based on
the weakly coupled data assimilation system were based on control vectors
which either includes only atmospheric or soil variables. In the strongly coupled
system, however, the control vector contained atmospheric and soil variables.

The experiments included single observation experiments to verify the
functionality of the strongly coupled land-atmosphere assimilation system and
two-day clear sky case studies in March and August 2017. Within the case
studies LST was assimilated hourly and every six hours a 24 hour forecast was
initialized from the assimilation cycle. The comparison of the weakly coupled
and the strongly coupled assimilation system showed that the strongly coupled
assimilation system reduced the RMSE of soil and atmospheric temperature
stronger than the weakly coupled systems. These experiments were the first,
that assimilated LST simultaneously for the land and the atmosphere within
the COSMO-KENDA system. Thus, this assimilation approach is one step
further than |Candy et al|(2017) and Bosilovich et al. (2007), who assimilated
LST into a land model, which was coupled with an atmospheric model. [Lin
and Pu (2019) compared a weakly and a strongly coupled assimilation system
for the assimilation of soil moisture. They, as well, found that the fully
coupled land-atmosphere assimilation system outperforms the weakly coupled
one. The positive impact of LST assimilation on the first guess was larger during
daytime, where a stronger coupling between LST and ABL temperature was
found. The temperature forecasts of the ABL initialized from the assimilation
cycle improved for up to nine hours and even more, if the soil temperature
and moisture were part of the control vector. Further investigations of the
covariances using a newly introduced ensemble consistency score g showed that
the covariances of the nature run were well reproduced for the temperatures
within the soil and within the ABL. In contrast, the covariances between LST



9.1. DISCUSSION OF RESULTS

and the moisture variables of the nature run were often not well represented
in the model ensemble. As a result, the influence of LST assimilation on
temperature was beneficial, while it could also be detrimental to moisture.

9.1 Discussion of Results

To create a good starting point for the assimilation of LST, it was necessary to
first answer the following questions:

e How to implement a vegetation/canopy temperature parameterization into
the COSMO-model to predict a more accurate land surface temperature?

e Which implementation fits best with the LST retrieval derived from the
remote sensing measurements to get a sufficient model equivalent?

The comparison between the LST retrieval derived by the Land-SAF and the
LST of the COSMO-model showed that the amplitude of the modelled LST
during the diurnal cycle was to small (Figure. Especially at night, the
simulated temperatures at the land surface were too warm. The evaluation
of the canopy scheme (Braden, 2012; [Samuelsson et al., 2006) and the skin
conductivity scheme (Viterbo and Beljaars, [1995; [Verhoef and Vidale, 2012;
Schulz and Vogel,, [2020) showed that both schemes were able to reproduce the
temperature amplitude during the day, but only the skin conductivity scheme
was able to reproduce the colder LST retrievals at night (Figure[5.6). Hence,
the skin conductivity scheme was employed into the nature run, to perform the
experiments and, to derive the model equivalent and synthetic observations.

One main motivation of this thesis was to improve the prediction of the
weather within the ABL by assimilating LST. Thus, to answer the question

e How does the assimilation of LST influence the atmospheric, the soil, and
the land-atmosphere coupling values?

is an important part of this thesis. The conducted case studies showed that
the first guess of the temperature of the soil and the ABL can benefit from the
assimilation of LST. Hereby, the effect of LST assimilation on the atmosphere
(Figure and F igure depended on the diurnal cycle and the amount of
available synthetic LST observations. The improvement due to the assimilation
of LST increased with the growth of the mixed boundary layer and decreased
with the transition to the nocturnal stable boundary layer. Above the ABL
and during the evening transition, LST assimilation had also a negative impact.
The combination of the smaller number of LST retrievals and the lower effect of
LST assimilation on the second day of the March 2017 experiment indicate that
the impact of LST assimilation is not observable for long in the atmosphere. In
contrast, the near-surface soil layers could benefit over the whole experimental
period. Here, the information of LST assimilation had a longer lasting positive
impact on the soil that slowly permeates to deeper levels (Figure and
Figure. Whether the positive impact extends into the layers below 1m
depth can be answered by experimental periods longer than the ones employed
here. Since the soil is more inert than the atmosphere, the propagation of
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information of LST assimilation into the depths is slower than the propagation
through the atmosphere, thus the improvements in the soil layers also remained
longer. This lead to the fact that the ABL still benefited from LST assimilation
through the information in the soil even if the direct influence of LST assimi-
lation on the atmosphere had already disappeared due to less observations, for
example (Figure[7.16a)). In both, the soil and the ABL, mainly the temperature
predictions of the model benefited from the LST assimilation. The effects on
moisture variables were mixed: the assimilation of LST could have a positive
impact on atmospheric humidity in the afternoon, but a negative impact dur-

ing the morning transition and night (Figure|7.18a| and Figure[7.19a). The soil
moisture could improve if additional moisture was introduced at an appropriate

time (Figure[7.18b] and Figure[7.19b). The turbulent fluxes of the land surface
energy budget were not part of the control vector, so they were not directly
updated in the analysis step. But due to changes in the temperature and the
humidity of the atmosphere and the soil, the turbulent fluxes were adjusted
as well. During daytime the impact of LST assimilation on the fluxes was
clearly positive. The RMSE of the sensitive and the latent heat flux in March
and August was reduced by up to 25%. At night, however, the effect of the
deterioration of atmospheric humidity on the latent heat flux was clearly visible.

The positive impact of LST assimilation on the temperature prediction re-
mained visible in the atmosphere between the first three to nine forecast hours
and in the soil over the entire forecast period of 24 hours. The improvement
through LST assimilation in the prediction of the ABL temperature depended
strongly on the available observations at the initial time of the 24 hour forecast,
because the atmosphere does not keep the information over a long time period.
If the LST retrieval was exhaustively available, the forecast of the atmospheric
temperature could be improved by up to nine hours (Figure[7.25a) and Fig-
ure[7.26a)). Because the soil temperature varies on longer timescales than the
atmospheric temperature, the soil kept the information of LST assimilation
throughout the entire forecast. Due to the improved prediction of the soil
temperature and moisture, the RMSE of the boundary layer temperature was
partially reduced even after the first 9 hours of prediction. The better prediction
of ABL temperature may potentially improve forecasts of ABL processes like
convection, clouds, moist convection, and fog formation.

In order to assimilate LST to the best effect, different variants of the weakly
and strongly coupled assimilation system were tested. In this process an answer
for the research question

e Does the strongly coupled land-atmosphere assimilation system outper-
form the weakly coupled land-atmosphere assimilation system?

was found in the framework for COSMO-KENDA. The two-day experiments of
March and August 2017 provided insight in the direct and indirect impact of
LST assimilation within the weakly and fully coupled assimilation system. Two
weakly coupled and one strongly coupled land-atmosphere assimilation systems
were compared. In the first experiment, the control vector contained only atmo-
spheric variables. Thus, the influence of LST assimilation on the soil was only
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indirect through the update of its upper boundary condition: the atmosphere.
Therefore, the new information spread slowly in the soil and was correspond-
ingly small. Hereby, the soil moisture gained almost no information from the
assimilation of LST. In the second experiment, the control vector contained only
the soil temperature and moisture. In this way just the soil was updated in the
analysis step so that the influence on the atmosphere was indirectly given via the
updated soil as its lower boundary condition. While the indirect influence of the
atmosphere on the soil did not exhibit a clearly recognizable diurnal cycle, the
soil influenced the atmospheric temperature mainly during the day (Figure[7.16al
and Figure. Thereby, the information transferred to the atmospheric hu-
midity was rather low and the reduction of RMSE due to LST assimilation was
below 10%. In both experiments variables of the weakly coupled assimilation
system that were directly coupled to the LST assimilation benefited more than
the variables that were only indirectly coupled. In the third experiment, the
control vector contained the atmospheric and the soil variables, so that both
parts of the model system, land and atmosphere, were directly influenced by
the assimilation of LST. The results show, that the impact of LST assimilation
of the first and the second experiment were combined successfully. To conclude,
the combination of a strong direct impact on the atmosphere and longer lasting
indirect impact by the soil is promising. It was able to reduce near surface at-
mospheric temperature RMSE by up to 60% and the temperature of the upper
soil levels by up to 40% within the OSSE framework. Near-surface observations,
such as LST or soil moisture, can increase their influence on the overall system
through the fully coupled land-atmosphere assimilation system, which can have
a positive impact on the weather forecasts (Sgoft et al., 2020; Lin and Pul,|2020)).

The results of the three experiments in March and August 2017 lead to the
presumption that the temperature-humidity correlations of the ensemble did
not always correctly reflect the correlations of the nature runs. Hence, it was
important to take a closer look at the background error covariances PP:

e How do background error covariances influence the impact of LST
assimilation within the fully coupled land-atmosphere assimilation system?

Through the construction of the LETKF the impact of synthetic LST assimila-
tion on the atmosphere and the soil was due to its background cross-correlations.
In the conducted experiments, the correlation between the observations and the
simulated atmospheric temperature depended on the time of day (Figure
and and Figure[8.7 and 8.§)). During the day, the LST and the temperature
of the ABL were positively correlated because of the well mixed boundary layer.
The correlation between LST and ABL temperature represented realistically
the interaction between the land and the atmosphere due to turbulent fluxes.
During the night, the correlation between LST and the temperature of the ABL
was less clear. The correlation was partly negative, partly positive and also
uncorrelated. This could be the result of the poorer representation of the stable
boundary layer (Holtslag et al., |2013). Furthermore, the correlation between
LST and soil moisture was significantly more pronounced during daytime (Fig-
ure and Figure. The correlation between LST and soil temperature of
the upper levels was always positively correlated, hence the soil temperature
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follows LST over the whole diurnal cycle. In contrast, the deeper soil layers did
not change considerably within a day and were more or less uncorrelated with
LST.

There are several possibilities to evaluate and adjust the background error
covariances, which are, for example, reviewed by |Bannister| (2008a,b|) and
Ehrendorfer| (2007). Since the true state of the atmosphere is unknown,
either the ensemble mean or time-shifted predictions are usually used to
examine the background error covariances. This work was based on an
OSSE, hence a true state was available to validate the consistency of the
background error covariances with the correlations of the nature run. Thus
the ensemble consistency score ¢ was introduced. The score ¢ indicates whether
the background error covariances between the observation and a related model
variable are consistent with the nature run (¢ > 0) or not (¢ < 0). In the
evaluation of ¢, it was noticeable that strongly correlated variables were more
frequently associated with a positive score ¢, while weakly or uncorrelated ones
were more frequently associated with a negative score q. Hence, the background
error covariances of certain variables can be dominated by sample noise, which
limits the positive impact of LST assimilation on moisture variables within this
assimilation framework. The score g proves to be a useful initial indicator of the
ensemble consistency.

9.2 Limitations and Outlook

The period of the conducted experiments was limited to two-day periods. To
further support the achieved results, besides the diurnal cycle also the seasonal
cycle has to be explored and longer experiment have to be conducted. Further-
more the experiment domain should be extended. For example, |Candy et al.
(2017) found a benefit to forecasts of near-surface temperature due to LST
assimilation, particularly over Africa.

Due to the assimilation of LST, particularly the temperature of the predicted
ABL was improved. By the additional assimilation of near-surface moisture ob-
servations, the positive impact could be extended to further variables of the
atmosphere, like the specific humidity. This is because the background error
covariance matrix allows the information from the observations to influence each
other and thus jointly influence the analysis (Baldauf et al., 2011)). Synthetic
studies by [Han et al.| (2013, joint assimilation of LST and microwave brightness
temperature) and Abdolghafoorian and Farhadi (2019, joint assimilation of
soil moisture and LST) and the study with real data by [Tajfar et al.| (20204,
joint assimilation of LST and reference-level temperature and relative humidity)
showed promising steps in this direction.

A joint assimilation could also improve the background error covariances
between the observed variables and the variables of the control vector. The
effect on the humidity variables by the assimilation of LST, which in this thesis
was probably mainly dominated by noise, could change positively if the joint
assimilation provides a clearer signal within the background error covariances.
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One possibility to prevent spurious correlations between the near-surface obser-
vations and the atmosphere above the ABL is a stricter vertical localization. In
particular during night, this could reduce the negative impact of LST assimila-
tion.

Overall the work of this thesis is restricted to the setup of an OSSE and
an equal benefit of LST assimilation for operational systems with real data is
not guaranteed. Hence, the experiments should be seen as a test of concept,
as results from OSSEs are generally biased to better results than studies based
on real observations. However, the results encourage the evaluation of LST as-
similation within the coupled land-atmosphere system with real LST retrievals.
The positive impact achieved by the assimilation of real LST retrievals into land
models (Ghent et al., 2010) and weakly coupled land-atmosphere models (Candy
et al.l 2017) supports this future step. Our results show that assimilation of
LST has a stronger impact on the lower atmosphere during the day than during
the night. For example, Candy et al|(2017) has assimilated LST retrieval only
at night, since the observation errors of the LST retrieval are higher during
daytime. The results of this work suggest, that the observations should also be
assimilated during daytime, to increase the impact of assimilation. Hence, a
useful diurnal bias correction is necessary.

As also mentioned by [Trigo et al|(2015), improved LST also has advantages
for the use of further brightness temperature observations by satellites for
assimilation. By improving LST, the simulation of brightness temperature can
benefit as well and thus reduce the deviations between simulated and observed
brightness temperatures. This would provide the opportunity to assimilate the
information received by further surface and near-surface satellite observations
into the numerical weather prediction models. These additional observations
can improve the forecast of the processes in the ABL further.
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Appendix A

Programming Lorenz 1963
System

The programming of the Lorenz 1963 system is adopted from Chapter6 of
Nakamura and Potthast| (2015) and adjusted to the ensemble consistency score
q. Hence, main parts of the coding and structure follow the scripts of [Nakamura
and Potthast|(2015) and are as well implemented in OCTAVE (Eaton et al., 2020).

The Lorenz 1963 system is a dynamical system of three coupled ordinary
differential equations

d
§;=dm—m> (A1)
d
CZz = z1(p — 73) — 79 (A2)
d
—;3 = 1129 — B3 (A.3)

with ¢ the Prandtl number, p the Rayleigh number and, § a non-dimensional
wave number. The typical values of these three constants are: o = 10, p = 28
and, f = 8/3. In the performed experiments the constants p and § are fixed to
the typical values, meanwhile for ¢ in the nature run and the model different
values are chosen. With the state vector of the system x = (x1, 29, 73)7 € R?
the system can also be written as follows

dx

() = F(t,x) with  x(0) = Xin (A.4)
O'(.’L'Q — 1’1)

F(t,x):= [ zi(p—x3) —x2 | . (A.5)
1179 — B3

The code of the forcing terms of the Lorenz 1963 dynamics is given as follows:

CODE A.1 Function sim Lorenz63_F to force the Lorenz 1963 dynamical
system.

function xout = sim_Lorenz63_F(xin, sigma, rho, beta)
xout(1,1) = sigmax(xin(2) - xin(1));

xout(2,1) xin(1)*(rho - xin(3)) - xin(2);

xout(3,1) xin(1)*xin(2) - beta*xin(3);

=W N =



To numerically solve the coupled differential equations (A.1]to|A.3)) a 4th-order
Runge-Kutta scheme is used. It starts from an initial state x;,;; and iteratively
calculates the future states

kl = F(tk, Xk) (AG)
1 1
kg = F(tk —I— §h,Xk —|— §hk1) (A?)
1 1
1
Xk+1 = Xk + ah(kl + 2k2 + 21{3 + k4> (AlO)

with h as time spacing of the iterations. The implementation in OCTAVE is given
by

CODE A.2 Function sim Lorenz63 RungeKutta to numerically solve the
ordinary differential equations of the Lorenz 1963 system by a 4th-order Runge-
Kutta scheme.

1 function [x1, x2, x3] = sim_Lorenz63_RungeKutta(N_Time, h, x1_init, ...

2 x2_init, x3_init, sigma, rho, beta)
3 x1 = zeros(N_Time,1); % initialization

4 x2 = zeros(N_Time,1); %~

5 X3 = zeros(N_Time,1); %~

6 x1(1) = x1_init; % initial value x1

7 x2(1) = x2_init; % initial value x2

s x3(1) = x3_init; % initial value x3

9 % Solving dx/dt = F(x,t), x(0)=x_init for x=[x1;x2;x3] via
10 % the 4-th order Runge-Kutta scheme.
11 for i = 1:N_Time

12 k1 = sim_Lorenz63_F([x1(i);x2(i);x3(i)], sigma, rho, beta);

13 k2 = sim_Lorenz63_F([x1(i);x2(i);x3(i)] + hxkl/2, sigma, rho, beta);
14 k3 = sim_Lorenz63_F([x1(i);x2(i);x3(i)] + hxk2/2, sigma, rho, beta);
15 k4 = sim_Lorenz63_F([x1(i);x2(i);x3(i)] + hxk3, sigma, rho, beta);
16 xtmp = [x1(1);x2(@1);x3(1)] + (W/6)*(k1 + (2%k2) + (2*xk3) + k4);
17 x1(i+1) = xtmp(1);

18 x2(i+1) = xtmp(2);

19 x3(i+1) = xtmp(3);

20 end

and includes the call of the function sim _Lorenz63_F.

The function sim Lorenz63_Run gives the framework to generate the Lorenz
1963 dynamics. By calling this function an initial state or an ensemble of states
with L € N members is moved one time step into the future.

CoDpE A.3 By function sim_Lorenz63_Run the Lorenz 1963 dynamics are

generated. As input an initial state or an ensemble of states, a time step and a
constant o are needed.
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1 function xout = sim_Lorenz63_Run(xin, T, sigma)

2 % xin is the initial state or an ensemble of such states, size 3xL
3 % T the time to run the system for
4 % sigma is a variable Parameter for Lorenz 1963 Dynamics

5 Tho = 28; % fixed Parameter for Lorenz 1963 Dynamics
6 beta = 8/3; ¥ fixed Parameter for Lorenz 1963 Dynamics

7 L = size(xin,2); % Size of current input ensemble

s % Loop over all ensemble members
9 for 11=1:L

10 x1_init = xin(1,11); % initial value

11 x2_init = xin(2,11); % initial value

12 x3_init = xin(3,11); % initial value

13 h = 0.005; % time grid spacing and the

14 N_Time = T/h; % corresponding number of time steps
15 % Model Dynamics

16 [x1,x2,%x3] = sim_Lorenz63_RungeKutta(N_Time, h, x1_init,
17 x2_init, x3_init, sigma, rho, beta);

18 % output state(s)

19 xout(:,11) = [x1(N_Time,1), x2(N_Time,1), x3(N_Time,1)];

20 end

Based on the presented functions the OCTAVE script Code[A.4] produces the
nature run and the measurement data of the first component of the state. By
repeatedly executing the OCTAVE Function sim Lorenz63 Run (Code the
nature run is transported through time. The time step is set to dt = 0.1. At each
time step the first component of the model state is measured. The measurements
are generated with the observation operator Hygr = (1,0,0). Additionally some
noise is added to mimic the observational error.

CODE A.4 OCTAVE script Generate Nature Run_and Observations generates
the nature run and its observational data y.

1 x_init = [0;-10;21]; % Initial state
2 randn(’seed’,0); % Use the same random numbers
3 % to achieve repeatability

4 % 1) Setup Observation operator of "nature run"
5 % observing the first component of the state only
6 H.NR = [10 0];

7 % 2) Generate a "nature run" and the "observations"

g8 N_cycle = 500; % steps for "nature run"

9 X = x_init; % initial state for iteration

10 dtime =0.1; % time interval between measurements

11 sigma0 = 9; % Parameter for the Lorenz 1963 Dynamics

12 for j = 1:N_cycle

13 X = sim_Lorenz63_Run(x,dtime,sigma0); 7% Calculate next true state
14 xv(:,j) = x; % and save it in xv

15 noise(j) = 0.5%(rand(size(H_NR,1),1) - 0.5); 7% generate random noise error
16 y(:,j) = H_NR*x + noise(j); % observation with noise

17 end
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The Lorenz 1963 system of the nature run and the model are computed
with different o constants. The nature run uses op = 9 and the model uses
oa = 15. By the assimilation of the measured first component of the nature
run, the first guess ensemble should be pulled into the direction of the true
state. The model ensemble consists of L = 40 members and is transported in
time with the OCTAVE Function sim Lorenz63 Run (Code[A.3)). Each time step
dt = 0.1 corresponds to the forecast step of the assimilation cycle. Hereby,
each forecast step is followed by an analysis step, which is implemented by the
ensemble Kalman filter (Section. Furthermore, each time step the ensemble
consistency score ¢ is determined for x5 and x3.

CODE A.5 OCTAVE script EnKF_and Score_computation uses the Ensemble
Kalman filter to create the analysis ensemble and calculates the score g and

qs.

1 L = 40; % number of ensemble members

2 m = size(H, 1); % number of observations

3 RO = 0.15*eye(m, m); % data error covariance matrix
4 H=[H1 0 0]; % observation operator EnKF

5 xa = repmat(x_init,1,L) + 0.9%(rand(3,L)-0.5); ¥% initialize ensemble
6 sigmaA = 15; % Lorenz 1963 Parameter

7 for j=1:N_cycle

8 xb = sim_Lorenz63_Run(xa, dtime, sigmad); % background ensemble

9 xbm = (sum(xb’))’/L; % and its mean

10 xbv(:,j) = xbm; % save mean in xbv

11 Q = (xb-repmat(xbm,1,L))/sqrt(L-1); % setup matrix of differences
12 B = Q*Q’; % ensemble covariance matrix
13 K = B*H’*inv(R + H*Bx*H’); % Kalman Gain Matrix

14 inc(j) = inv(R + H*#B*H’)*(y(:,j) - H*xbm); 7’ calculate increment

15 xam = xbm + K*x(y(:,j) - Hkxbm); % analysis mean

16 % Square Root Filter for Analysis Ensemble

17 TT = eye(L,L) - Q’*H’*inv(R + H*Bx*H’)*H*Q;

18 [U,S,V] = svd(TT); % take SVD, i.e. TT = U*xSx*V\’
19 T = U*sqrt(S)*V’; % square root of TT

20 Qad = QxT*1.2; % analysis differences

21 xa = repmat (xam,1,L)+Qad*sqrt(L-1); % full analysis ensemble

22 xav(:,j) = xam; % save analysis mean

23 % calculation of ensemble covariance score (q2)

24 % Equation 8.13

25 q2_1(3) = ((xv(2,j) - xbm(2))*B(2,1)*(y(1,j) - xbm(1)))/(RO + B(1,1));
26 g2_norm(j) = q2_1(j)/((xv(2,j) - xbm(2))"2); % Equation 8.14

27 q2(j) =1 - (g2_norm(j) - 1)°2; % Equation 8.16

28 % calculation of ensemble covariance score (q3)

29 g3_1(j) = ((xv(3,j) - xbm(3))*B(3,1)*(y(1,j) - xbm(1)))/(RO + B(1,1));
30 g3_norm(j) = g3_1(j)/((xv(3,j) - xbm(3))"2);

31 q3(j) =1 - (g3_norm(j) - 1)°2;

32 end
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To avoid that the model error is underestimated the spread of the analysis
ensemble is enlarged by a multiplication with the inflation factor 1.2 (Code[A.5]
line 21).

Sensitivity tests were carried out to determine how strongly the informative
value of the score ¢ depends on deviations between H and R in the analysis step
and the ¢ calculation (Table[8.1]). For the sensitivity test depending on H this
OCTAVE script was used:

CODE A.6 Script to control sensitivity test of the dependency of q on the
accuracy of the observation operator H. Nature run, data assimilation cycle,
computation, and evaluation of q are executed by this script. The data is saved
for subsequent analysis.

1 clear all; close all;

2 H_data = 0.8:0.01:1.2;

3 H_steps = size(H_data,2);
4 R = 0.15;

5 var = ’H’;

6 for k = 1:H_steps
7 H1 = H_data(k)

8 Generate_Nature_Run_and_Observations;
9 EnKF_and_Score_computation;

10 Evaluation_Score_q;

11 endfor

12 save_data;

The sensitivity test depending on R was performed by this OCTAVE script:

CODE A.7 Script to control sensitivity test of the dependency of q on the
accuracy of the observation error R. Nature run, data assimilation cycle,
computation, and evaluation of q are executed by this script. The data is saved
for subsequent analysis.

1 clear all; close all;

2 R_data = 0.01:0.01:0.3;

3 R_steps = size(R_data,2);
4 H1 =1;

5 var = ’R’;

6 for k = 1:R_steps
7 R = R_data(k)

8 Generate_Nature_Run_and_0Observations;
9 EnKF_and_Score_computation;

10 Evaluation_Score_q;

11 endfor

12 save_data;

The quality of ¢ as an estimator of the assimilation success does not depend
on ¢ being positive or negative, but on it correctly classifying one of either
two cases: An successful assimilation step with Equation[8.2 fulfilled and an
unsuccessful step vice versa. The evaluation is based on a contingency table,
which groups the possible combined outcomes of score and assimilation step into
four categories: hits, where ¢ > 0 coincides with a successful assimilation step,
correct negatives, where ¢ < 0 coincides with an unsuccessful assimilation step,
misses, where ¢ < 0 but the assimilation step is successful, and false alarms,
where ¢ > 0 but the assimilation step is unsuccessful (Table. The OCTAVE
script Evaluation Score_q.m determines the fraction of these four categories:
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CoDE A.8 Analysis of score q based on the contingency table (Table.

% Evaluation of Score q

% q >0 : positive q || q <= 0 : negative q
g_positive = zeros(2,size(q2,2));
g_positive(1l,:) = g2 > 0;

g_positive(2,:) = g3 > 0;

L

% impact of LST assimilation
eq_8_2 = zeros(2,size(q2,2));
eq_8_2(1,:) = abs(xv(2,:)-xbv(2,:)) - abs(xv(2,:)-xav(2,:));
eq_8_2(2,:) = abs(xv(3,:)-xbv(3,:)) - abs(xv(3,:)-xav(3,:));

© 0w 9 O

10 % eq_8_2 > 0 : positive impact || eq_8_2 <= 0 : negative impact
11 enkf_success = zeros(2,size(q2,2));
12 enkf_success(1l,:) = eq_8_2(1,:) > 0;
13 enkf_success(2,:) = eq_8_2(2,:) > 0;

14 for i = 1:2

15 q_diff(i,k) = sum(abs(q_positive(i)-enkf_success(i)));
16 q_fits_rel(i,k) = ((N_cycle - q_diff(i,k))/N_cycle);
17 q_diff_rel(i,k) = (q_diff(i,k)/N_cycle);

18 % hits; misses; false_alarm; correct_negative;

19 q_hits(i,k) = sum(((enkf_success(i)+q_positive(i))==2))/N_cycle;

20  gq_true_negative(i,k) = sum(((enkf_success(i)+q_positive(i))==0))/N_cycle;
21 q_misses(i,k) = sum((enkf_success(i)-q_positive(i))==1)/N_cycle;

22 q_false_alarm(i,k) = sum((enkf_success(i)-q_positive(i))==-1)/N_cycle;

23 endfor

To save the data for subsequent analysis and visualization this OCTAVE script
was used:

CODE A.9 This script saves the data as .csv-file for subsequent analysis.

1 % Save Data as *.csv for Visualization

2 save_Data = [q2_diff’ q2_fits_rel’ q2_diff_rel’ q2_false_alarm’
3 g2_misses’ g2_hits’ g2_correct_negative’];

4 csvurite([’Sensitivity_test_q2_’ var ’.csv’], save_Data)

5 % Save Data as *.csv for Visualization

6 save_Data = [q3_diff’ q3_fits_rel’ q3_diff_rel’ q3_false_alarm’
7 g3_misses’ g3_hits’ g3_correct_negative’];

s csvwrite([’Sensitivity_test_q3_’ var ’.csv’], save_Data)
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