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Abstract

This synthesis and collection of Papers is submitted for the degree

of Philosophiae Doctor (Ph.D.) in experimental meteorology at the

Geophysical Institute, University of Bergen, Norway. It consists of

two main parts. In the first part, the reader finds an introduction

providing the motivation for the study and an overview of measure-

ment methods of the atmospheric boundary layer followed by a brief

review on numerical weather prediction modelling. This part also

includes a detailed description of the used measurement tool, the

Small Unmanned Meteorological Observer SUMO and an overview

of Unmanned Aerial Systems used in atmospheric science including

regulatory issues. The second part consists of three scientific Papers

covering measurements with SUMO and simulations with a numerical

weather prediction model. In Paper I and II model and measurements

are compared. SUMO system improvements related to wind measure-

ments are addressed in Paper III.
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Introduction

In this Ph.D. thesis a combination of measurements and integrations with a nu-

merical weather prediction model is presented. The new measurement tool called

Small Unmanned Meteorological Observer (SUMO) has been developed for ap-

plications in the atmospheric boundary layer (ABL) and numerical model inte-

grations have been performed with the Weather Research and Forecasting model

WRF.

With these tools the focus of this study is set on the lowest part of the at-

mosphere adjacent to the Earth’s surface where exchange processes of energy

and mass between the surface and the free atmosphere above take place. The

air in this layer directly feels the influence of different surface types (sea, land,

snow, water, ice) by heating, cooling and friction on a time scale in the order

of one hour. According to Stull (1988), it typically reaches from bottom up to

100-3000 m and hence represents roughly the lowest 10 % of the troposphere (see

Figure 1.1). The ABL is of special interest because it is the part of the atmo-

sphere where forcing mechanisms such as heat transport from and to the ground,

frictional drag, evaporation and transpiration, terrain-induced flow modification

and pollution emission take place and thereby affect our daily life Stull (1988).

The atmosphere and in particular the ABL are a complex dynamical system

that cannot be predicted without the use of numerical models. Numerical weather

prediction (NWP) models are computer codes based on simplified mathematical

representations of physical processes. The output and results of limited area NWP

models provide knowledge for daily weather forecasts as well as regional climate
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Figure 1.1: Sketch of the vertical structure of the atmosphere in the lowest 50 km
(adapted from Oke (1987)).

projections for future decades which become increasingly important for planning

and adaptation purposes. Hence, the skill and the performance of NWP models

are of vital interest for the atmospheric science community as well as for decision

makers and planning purposes. The quality of forecasts is highly dependent on

reliable observational data for

• the definition of initial and boundary conditions

• the understanding of the physical processes to be mathematically described

in the models on an appropriate scale

• the corresponding choice of parameterizations of physical subgrid-scale pro-

cesses

• the validation, evaluation and further improvement of model physics by

intercomparison with measurements.

Large data centres, such as the European Centre for Medium-Range Weather

Forecasts (ECMWF) and the National Centers for Environmental Prediction

(NCEP), operationally use data from surface-based automatic weather stations,
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released radiosondes and satellite-based sensors to monitor the state of the at-

mosphere. Besides environmental monitoring, the quality of these data sets are

crucial for the initialization of NWP models and operational implementation of

observational data in data assimilation cycles (e.g. Hollingsworth et al. (1986)

and Daley (1991)).

Observations

Hypothesis

Measurement/
Experiment

Theory

Model

Validation

Figure 1.2: Sketch of the observational and theoretical cycle - showing the equal
importance of measurements and models.

In general, the basic understanding of physical processes in daily weather orig-

inates from meteorological measurements. Observations provide the fundament

for new hypotheses investigated in targeted meteorological field experiments. Ide-

ally, observational findings can be used to raise new theories or to verify already

existing theories, and if necessary to improve such. The theoretical work finds its

application in NWP models. To validate NWP models, measurements are always

required because they represent the unique source of information on the ’true’

state of the atmosphere. However, one should be aware of the measurement

methods’ limitations and the uncertainties they are afflicted with. Figure 1.2

sketches the continuous interaction between observations, models and theory as

tools. The use of measurements and the development and application of models

can be considered to be of equal importance in atmospheric sciences (Warner ,

2011).
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1. INTRODUCTION

The scope of this work is directed towards the meteorological application and

improvement of a new measurement tool. This is the unmanned aerial system

SUMO. A detailed description of SUMO is provided in section 1.4 followed by

an overview of data measured during several field campaigns listed in Table 1.4.

These data have been used in case studies for Iceland (Paper I) and Svalbard

(Paper II), for evaluation of ABL schemes embedded in the Weather Research

and Forecasting model WRF (Paper II) and as a basis for several tests of a new

wind algorithm for small unmanned aerial systems (Paper III).

1.1 In-situ & remote measurement methods

A vast variety of measurement methods for atmospheric sciences has grown during

the last 140 years. Depending on the demanded variable, available measurement

technologies and financial budgets, one can choose from a pool of measurement

methods. Atmospheric measurement methods can be divided into two main tech-

niques: i) in-situ and ii) remote techniques as listed in Figure 1.3 which can be

surface, airborne or space-based.

1.1.1 Profiling the atmospheric boundary layer

The knowledge of temperature, humidity, wind speed, wind direction and pres-

sure build up the pillars of atmospheric science by being the backbone of the

basic governing equations also called the primitive equations. They consist of the

equation of state (ideal gas law), the conservation of mass (continuity equation),

the conservation of momentum (Newton’s second law), the conservation of mois-

ture, the conservation of heat (first law of thermodynamics) and the conservation

of a scalar quantity (e.g. Holton (1992)).

Measurements on the Earth’s surface as well as continuous profiles of temper-

ature, humidity and wind in the vertical dimension are indispensable to moni-

tor and understand physical processes in the atmosphere and to verify, evaluate

and improve NWP models. By measuring these variables, the ABL’s stability

and height can be determined and mean fluxes of heat and momentum can be
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Figure 1.3: Timeline of meteorological observation techniques (extended from
Uppala et al. (2005)).

estimated. Currently available in-situ measurement platforms are typically auto-

matic weather stations, masts, radiosondes, tethered balloon systems, kites, and

research aircraft equipped with meteorological sensor packages.

Historically seen, the first airborne meteorological measurements were per-

formed by using kites in the 18th century by Ben Franklin who flew a kite to

study lightning and tracked the direction of a storm impinging the US East Coast

in 1743. George Washington and Thomas Jefferson kept logs of atmospheric con-

ditions each day at Mount Vernon and Monticello, Virginia, USA. Kites are still

used in single meteorological field campaigns (Balsley et al. (1998)), although

they have mostly been replaced by tethered balloons in the 20th century. Teth-

ered balloons are large helium-filled balloons attached to a rope which is fixed

to an electrical winch on the ground. They are usually equipped with a sen-

sor package consisting of temperature, humidity and pressure sensors and an

anemometer for wind measurements to monitor the dynamics and stratification

of the ABL. They can be additionally equipped with chemical sensors to measure

the chemical composition of the ABL (e.g. Spirig et al. (2004)). The balloon’s
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ascending and descending rate can be controlled by the ground-based winch. Op-

erating the balloon with very slow ascending or descending rates, measurements

in very high vertical resolution can be achieved. Meeting very strong inversions,

smaller-sized tethered balloons can have troubles to penetrate such layers as it

may lack enough buoyancy force. Such a situation was encountered in the field

campaign in Svalbard 2009 (Paper II). Tethered balloons are limited in reach-

ing high ceiling heights depending on the length of the rope and prevailing wind

conditions. Avoiding such limitations, radiosondes can be an alternative mea-

surement method because they are not attached to a winch. They can profile the

lower and upper atmosphere and they are operationally used all over the world.

However, they are directly influenced by the wind and thus they do not repre-

sent a column measurement in reality. In addition, they are not very suitable for

ABL studies because of their lack in vertical resolution due to a fast ascent rate

and they can be uneconomical when using them in high frequency because the

instrument package cannot be recovered.

Quite new in the aspect of monitoring the atmosphere and especially the ABL,

is the use of unmanned aerial systems (UAS). A UAS is an airplane which flies

without a human crew onboard. They are mostly known for their military appli-

cations but become increasingly important for civil and scientific purposes. Due

to their high flexibility, in particular UAS are of great value in areas considered

too dangerous for manned aircraft (such as polar environments or flights at low

altitude). During the last decade, the application of UAS as alternative in-situ

measurement tools has become very popular to fill the observational gap between

surface-based measurements and satellites.

The idea to equip a simple model aircraft with a meteorological sensor package

is not new. Probably the first ones to use a remotely piloted model aircraft

equipped with a temperature, humidity and pressure sensor were Konrad et al.

(1970) in the late 1960s. During the last 10-15 years the use of UAS has gained

popularity in the field of atmospheric science due to an enormous engineering

progress in electronical miniaturization of meteorological sensors, data logging

systems and highly accurate navigation systems. Small UAS are a very cost-

efficient alternative compared to the previously mentioned measurement systems.

Of course, all measurement methods have their advantages and shortcomings,
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1.2 Numerical weather prediction models

Table 1.1: An intercomparison of in-situ profiling systems (partly adapted from
Balsley et al. (1998)).

ITEM radiosonde tethered kites masts manned UAS
balloons research SUMO

aircrafts

max. alt.
coverage [km] > 30 < 1-2 > 5 < 0.4 < 18 < 4
max. payload
weight [kg] < 3 ≈ 100 ≈ 10 large ≈ 500 < 1
vertical
resolution [m] 50 < 1-10 < 1-10 ≈ 1 < 10 < 1-50
system
costs [k$] 10 10-200 10-20 1-800 50-6000 6
cost per
profile low-high low very low low high very low
wind
speed limits
[m s−1] < 10 (launch) < 12 > 5-7 none minimal < 15-18
continous data
output no no no yes no no
all typically
weather? yes no no yes yes no

therefore they are subject to a trade-off process deciding which profiling system

is most appropriate in a specific case. Corresponding characteristics of in-situ

profiling systems are summarized in Table 1.1.

1.2 Numerical weather prediction models

1.2.1 A short historical overview

The roots of numerical weather prediction (NWP) can be traced back to the

work of the Norwegian physicist Vilhelm Bjerknes. In 1904, he published a paper

suggesting that the state of the atmosphere can be predicted by solving a system

of thermodynamic and hydrodynamic equations under the assumption that the

current state of the atmosphere is well known (Bjerknes , 1904). This implied

9



1. INTRODUCTION

firstly, the diagnosis to comprise the initial state from a set of observations and

secondly, the prognosis where the state of the atmosphere is calculated by ap-

plying the system of thermodynamic and hydrodynamic equations. Two decades

later Richardson (1922) tried to carry out Bjerknes theoretical work by develop-

ing the first NWP system. He divided a limited area into grid cells, as initial

conditions he used data from synoptic weather maps published by V. Bjerknes,

and finally he computed the finite differences solutions of differential equations.

He formulated a set of primitive equations of motion and solved them numerically

for a six hour forecast. This calculation took him several weeks and resulted in

failure.

After the Second World War, more (upper-air) observations (see Figure 1.3)

became available and first electronic computers were developed. These were two

important technological developments enabling further progress in NWP. In the

early 1950s, Charney, Fjørtoft and von Neumann were the first ones in this field

who could compute a first one day forecast using a one-layer model (Charney

et al., 1950). In 1966, the first operational global NWP model was put into

practice with a grid size of 300 km in the horizontal dimension including six

vertical levels (Shuman and Hovermale, 1968). In the 1970s and 1980s NWP

models progressed further on and the use of limited area models with higher

resolution became feasible using data from global models as boundary conditions.

During recent years numerous limited area models have been developed to run on

supercomputers at national research centres. Some examples of commonly used

limited area models are the HIRLAM model (Källén, 1996), the MesoNH model

(Lafore et al., 1997), the RAMS model (Pielke et al., 1992), the MM5 (Grell et al.,

1994) and the WRF model (Skamarock et al., 2001).

1.2.2 Parameterizations of physical subgrid-scale processes

in numerical weather prediction models

Besides numerical techniques, data assimilation techniques and grid sizes, the for-

mulation of physical subgrid-scale processes is a key component in NWP models

(Stensrud , 2007). Due to the fact that the real state of the atmosphere is only

an approximation in a numerical model, it can never be represented perfectly.
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1.2 Numerical weather prediction models

The number of discrete grid points governs the representation of atmospheric

features by the model. With an increasing number of grid points, the structures

(e.g. topographically modified flows) can be resolved with increasing accuracy.

Nevertheless, there are always structures too small to be resolved by the model

(e.g. turbulent eddies). Such structures can be very crucial for the performance

of a viable weather forecast. The mathematical description of these subgrid-scale

processes in models are called parameterizations. Physical processes that are typi-

cally parameterized in modern NWP models are soil-vegetation processes, surface

layer processes, turbulent exchange processes in the ABL, micro-physics, convec-

tion and radiation. All these parameterizations are important because they have

a strong influence on the skill of a weather forecast by interacting indirectly with

each other by changing model variables. Their interrelation can lead to feedbacks

causing non-linear effects which makes it a challenge to distinguish between cause

and effects.

Most parameterization schemes focus on the effects of physical processes

within the vertical column for each grid box. The vertical orientation origi-

nates from the consideration that many of these physical processes naturally

rearrange energy in the vertical dimension. The model has no direct information

of subgrid-scale physical processes, thus in parameterization schemes they have

to be related to known model variables, empirically determined relationships and

constants. Relationships between subgrid-scale processes and the known model

variables define parameterization scheme closures. It is important to be aware

of that parameterizations are simplified and idealized representations of complex

processes and may therefore not always be appropriate. However, without pa-

rameterizations NWP may not be useful because most subgrid-scale processes are

key factors in weather forecasts that concern our daily life (Stensrud , 2007).

1.2.3 The Weather Research and Forecasting model WRF

In the performed studies in Paper I and Paper II the Weather Research and

Forecasting model WRF has been used as a modelling tool. Its model code and

documentation as well as pre- and post-processing tools are freely available on

www.wrf-model.org. The model is used by a rapidly increasing user community

11
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1. INTRODUCTION

that continuosly contributes to model improvements. To date, it is used by over

14000 registered users in 144 countries for operational weather forecasts, vari-

ous atmospheric research purposes (including atmospheric chemistry and wildfire

research) as well as for dynamical downscaling of future climate projections for

limited areas. The application of the WRF model is mainly made for simu-

lations in the order of mesoscale (10-200 km), although it can also be run in

higher-resolution configuration by using the one-way or even two-way nesting op-

tion (Skamarock et al., 2008). Hence, particularly for case studies, WRF is a

formidable tool to be used in higher-resolution as is reflected in its appearance

in a great variety of atmospheric science literature for example hurricane stud-

ies (e.g. Davis et al. (2008)) as well as applications in the Arctic and Antarctic

(Bromwich et al., 2009; Hines and Bromwich, 2008; Hines et al., 2011) and in

complex terrain such as steep mountains in the Himalaya region (e.g. Medina

et al. (2010)).

1.3 Motivation & Objectives

With operational mesoscale NWP progressing towards kilometre and even sub-

kilometre resolution, more detailed forecasts of circulation patterns and boundary

layer structures can be produced down to regional and even local scales. Caused

by this advancement the quality and performance of parameterization schemes

appear in a new spotlight. Are they regardlessly valid when increasing the hori-

zontal resolution in models from tenths of kilometres to scales in the order of one

kilometre? This is the scale when physical processes, such as turbulent eddies in

the ABL (scales of 10−3 to 103 m) and cumulus convection (scales of 102 to 103

m) are being partially resolved in NWP models (e.g. Klemp (2007); Stensrud

(2007); Warner (2011)). Thus, NWP models are operated in a twilight zone

which consequently increases the demand for appropriate measurement tools for

evaluation and verification purposes. This arrogates the need for new flexible and

affordable measurement strategies accounting for such scales.

So far, there has been a lack of cost-efficient measurement systems appropriate

for the ABL covering a horizontal range of 100 m to 10 km. Therefore, there is

12



1.3 Motivation & Objectives

a need for alternative measurement systems to bridge the gap between surface

measurements and already existing in-situ and remote measurement systems.

As described in section 1.1.1, UAS can be a helpful tool to complement space-

based and ground-based measurement systems. Nowadays, there are numerous

activities in using UAS for atmospheric research. The biggest UAS in use are

the Global Hawk (National Aeronautics and Space Administration (NASA) and

National Oceanic and Atmospheric Administration (NOAA)) (Figure 1.4a)) and

the Zephyr (Figure 1.4b)) which can remain in the air for several hours to days

(QinetiQ press release, Aug 2008). Due to their size, they are, however, not

suited for ABL research. Smaller sized UAS as the Manta (Figure 1.4c)) and

Aerosonde (Figure 1.4d)) have been used in various missions as over the Indian

Ocean to investigate global dimming (Ramanathan et al., 2007), hurricanes over

the Atlantic Ocean (Cascella, 2008) and katabatic flows in the Antarctic (Cassano

and Knuth, 2010). An even lighter UAS such as M2AV (Figure 1.4f)) has been

used for profiles and horizontal surveys in the ABL (Spiess et al., 2007; van den

Kroonenberg et al., 2008). The UAS Kali (Figure 1.4e)) has been successfully

used in very steep mountainous terrain in the Kali Gandaki Valley in Nepal

(Egger et al., 2002) and in the Andes (Egger et al., 2005). These UAS have

shown their excellent capabilities in being additional valuable measurement tools

in meteorological field campaigns due to their flexible manoeuvrability.

In this context, the main motivation for developing SUMO has been to build

a small and cost-efficient UAS that can be used as ’controllable and recoverable

radiosonde’ for atmospheric boundary layer research purposes by enabling in-situ

measurements of temperature, humidity and wind with high spatial and tempo-

ral resolution (Reuder et al., 2009). Especially, the field campaigns in Central

Iceland (Paper I) and Svalbard (Paper II) have proven the operation of SUMO in

mountainous and Arctic environment where observations are generally rare and

thus highly demanded. Therefore, the SUMO system can be regarded as an ad-

ditional measurement tool that has been made available for various applications

in atmospheric boundary layer research.

Since SUMO has a very limited payload in the order of grams, an alternative

wind estimation method had to be found to replace sophisticated onboard wind

measurement devices. The so called ’no-flow sensor’ wind estimation method is
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described and elaborated on in Paper III of this Ph.D. thesis. For quality control

and validation purposes of the wind estimation algorithm, data from several field

campaigns listed in Table 1.4 have been used.

Table 1.2: Overview of six exemplary UAS used in atmospheric sciences.

name wing span weight typical endurance
[m] [kg]

a) Global Hawk 35 5000 ≈ 30 hours
b) Zephyr 18 30 days-weeks
c) Manta 2.6 27 hours
d) Aerosonde 3 14 hours
e) Kali 2 3 minutes-hour
f) M2AV 2.8 5 minutes-hour

a) b)

c) d)

e) f)

Figure 1.4: Examples of UAS used in atmospheric science. a) Global
Hawk (NASA/NOAA) b) Zephyr (Qiniteq) c) Manta (NOAA) d) Aerosonde
(NASA/NOAA) e) Kali (University of Munich, Germany); f) M2AV (Technical
University of Braunschweig, Germany).
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1.4 The Small Unmanned Meteorological Observer SUMO

1.4 The Small Unmanned Meteorological Ob-

server SUMO

1.4.1 The airframe

The current version of SUMO is based on a commercially available model aircraft

construction kit by Multiplex (see Figure 1.5). It is equipped with an open

source autopilot system and a meteorological sensor package. It is a delta-wing

pusher prop jet made of the light-weight foam material expanded propylen. The

aircraft is electrically powered by a motor driving a 9”x 6” propeller. A lithium

polymer battery package enables a typical endurance of 20 minutes full power

motor time, enabling flight missions up to 45 minutes. Technical characteristics

for the airframe are summarized in Table 1.3. The FunJet airframe is quite robust

and rather inexpensive with approximately 60 AC. With its take-off weight of 0.58

kg, it is very light weight compared to the previously described UAS. Low speed

during landing minimizes the risk of structural damage (Reuder et al., 2009).

Figure 1.5: The FunJet airframe from Multiplex. An overview of its characteris-
tics is shown in Table 1.3.

1.4.2 Autopilot system

For autonomous flight capability of SUMO, the open source autopilot system

Paparazzi schematically shown in Figure 1.6 has been adapted. Paparazzi pro-

vides a flexible hard- and software structure for autonomous aircraft operation. It

consists of an airborne processor board with sensors for the determination of the

15
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Table 1.3: Overview of SUMO’s characteristics and flight performance.

length 0.75 m
wingspan 0.80 m
weight 0.58 kg
av. air speed 12-18 m s−1

max. air speed 35 m s−1

av. ascent rate 7-10 m s−1

max. ascent rate 15 m s−1

max. ceiling height ≥ 3500 m agl
max. endurance 45 min

aircraft’s attitude including a global positioning system (GPS) for navigation and

ground speed information as well as a set of three pairs of infrared sensors used

for aircraft stabilization. The Paparazzi system also incorporates the airborne

autopilot software, the ground control station (GCS), an on-line communication

hardware and corresponding communication protocols. A standard remote con-

trol (RC) transmitter system realizes a safety-link option (Brisset et al., 2006).

Figure 1.6: A sketch o the Paparazzi autopilot system Brisset et al. (2006).

16



1.4 The Small Unmanned Meteorological Observer SUMO

1.4.3 Meteorological sensors

SUMO is equipped with sensors for the measurements of pressure, temperature

and relative humidity. The pressure sensor is mounted inside the fuselage, while

the sensors for temperature and humidity can be attached either on top of the

fuselage to minimize contamination and damage by sand and snow during land-

ing, or under the wings to minimize radiation errors due to solar heating. Pressure

is measured by the miniaturized (diameter 6.1 mm, height 1.7 mm) SCP1000 Ab-

solute Pressure Sensor from VTI Technologies. Its measurement range covers 300

to 1200 hPa with a resolution of 0.015 hPa and an absolute pressure accuracy of

1.5 hPa in the range 600 to 1200 hPa. The relative pressure accuracy relevant for

atmospheric profiling is 0.5 hPa. The pressure sensor is equipped with a tempera-

ture sensor that provides onboard temperature information during flight. This is

an important information for the estimation of battery capacity under cold envi-

ronmental conditions. Temperature and humidity are measured by the combined

sensor SHT75 by Sensirion. The sensor element has a temperature range between

-40 and 124 ◦C and a resolution of 0.01 K. The absolute and relative accuracies

are given as ±0.5 K respectively ±0.1 K. The humidity sensor covers 0-100 %

relative humidity with an absolute accuracy of ±1.8 % and a reproducibility of

±0.2 %. The ±0.5 K accuracy is valid for the temperature range between 0 and

45 ◦C and increases to ±0.7 K at -20 ◦C. The humidity sensor is temperature

compensated. The given accuracy is expected to be independent of temperature

and valid for the humidity range 10 to 90 % (Reuder et al., 2009).

1.4.4 SUMO operation

The Paparazzi autopilot system enables manual as well as autonomous flight

capabilities of SUMO. For security reasons SUMO is flown manually by a human

pilot using a standard remote control transmitter during take-off and landing.

In heights greater than 100 to 200 m above ground level (agl), the flight mode

is switched from manual to autonomous mode. In autonomous mode, SUMO is

controlled by the onboard autopilot, constantly linked to the GCS via a radio-

modem data link as sketched in Figure 1.6. On the GCS’s display shown in
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1. INTRODUCTION

Figure 1.8a) the operator can monitor and modify SUMO’s flight parameters

such as climb speed, pitch angle, etc. at any time. The Paparazzi software also

enables the on-line display of the atmospheric parameters, such as temperature,

humidity, wind speed and direction. The stabilization of SUMO by infrared

sensoric requires a temperature difference of 8 K between ground and sky (http:

//paprazzi.enac.fr/wiki/Infrared_Sensors). This has limited SUMO to dry

and clear sky weather conditions in the field campaigns listed in Table 1.4, while

very cold conditions are not a limitation (see Paper II). It can be flown in wind

conditions up to 15-18 m s−1.

Using SUMO for vertical profile measurements, the aircraft is operated in a

helical flight pattern during ascent and descent with a radius of typically 100

to 200 m (see Figure 1.7a)). This flight pattern enables a ’no-flow-sensor’ wind

estimation method. Figure 1.7b) presents the varying ground speed (indicated by

the colour code) which the aircraft experiences during head, cross- and tail-wind

conditions. Ground speed is measured by the onboard GPS. By taking advantage

of this, a minimization algorithm can be applied to estimate wind speed under

the assumption that the aircraft is operated with constant true airspeed using

constant throttle and pitch angle. This is described explicitly and tested in detail

in Paper III.

wind 

a) b) 

Figure 1.7: A typical flight track for ABL profiling with SUMO; a) grey dots show
ascent and black dots descent. b) The corresponding ground speed in m s−1 during
descent is indicated by the colour code.
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1.5 Current rules and regulations for unmanned aerial systems

Table 1.4: Overview of scientific missions performed with SUMO. It has been used
in eight field campaigns performing approximately 350 flight missions.

campaign scientific No. max. alt year
region topic flights [m agl]

FLOHOF, first flights, 30 3580 2007
Central Iceland instationary gravity waves,

evaluation of ABL schemes

Svalbard system test polar region 44 1470 2008

Coburg, Germany nocturnal ABL 25 2450 2008

FLUXPAT III, ABL; 34 800 2008
Jülich, Germany inhomogenous surfaces

Svalbard Arctic ABL, 85 1500 2009
simultaneous flights;
evaluation of ABL schemes in WRF

MOSO, orographic flow modification 68 2990 2009
Iceland and land-sea breeze

Andfjorden, characterization of marine ABL 4 1600 2009
Norway for search and rescue applications

Denmark wind and turbulence 65 100 2011
structure in a wind park

1.5 Current rules and regulations for unmanned

aerial systems

In most scientific missions UAS are operated in flight levels going beyond the

height limits for ordinary model aircraft activities (150 m agl). Civil Aviation

Agencies (CAAs) have become aware of the need to recognize UAS equivalent

to manned rotary and fixed-wing aerial systems in civil airspace. Currently,

the regulations for UAS operations are rather unclear. The following paragraph

attempts to summarize the actual legal situation for the operation of UAS in

civil airspace. In general, the International Civil Aviation Organization (ICAO)

is responsible for the flight mission clearance for UAS with a take-off weight larger

than 150 kg (ICAO , 2011). In weight classes below 150 kg national authorities
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carry responsibility for the authorization of UAS missions. To date, there is

neither an international nor a European harmonization of rules and regulations

for UAS missions. Even the harmonization on a national level is not given in

every country. In federal states such as Germany various contact points (in the

case of Germany, 17(!)) exist to apply for flight permission.

In principal, all UAS below 150 kg take-off weight have to be treated equally

following the actual regulations. However, most countries have separate treat-

ment for systems with a take-off weight below 25-30 kg. Recently, several coun-

tries (e.g. the United States, the United Kingdom, Sweden, Netherlands, Switzer-

land) consider an extra weight class of inherently unharmful UAS (< 1 kg, < 2

kg) with a specifically tailored set of regulations. The rule of sense and avoid is

not realistic for those light-weight systems in the near future.

During the FLOHOF (Flow over and around Hofsjökull) field campaign in

Central Iceland in 2007 (Paper I), flight permission was given by the Icelandic

CAA for the area around Hofsjökull upto a flight level FL120 (≈ 3600 m agl).

The operation of SUMO was issued in a Notice To Airmen (NOTAM) by the

responsible CAA. Two years later during the Svalbard field campaign (Paper

II) rules were interpreted in a stricter manner by the Norwegian CAA. Flight

permission for operating SUMO at Longyear airport (LYR) was given to FL50

which is in practice 1500 m agl with the limitation that the airspace around LYR

had to be clear off other air traffic. The final permission decision was given to the

local air-traffic controllers at LYR. They decided to allow SUMO operation only

during periods when the airport was officially closed; i.e. mainly during night-

time and most parts of the weekends. This was an unfortunate constraining factor

for the amount of sampled data during the field campaign in 2009.

In summary, the most critical and challenging part in operating UAS for sci-

entific purposes today is to obtain the corresponding flight permission from CAAs

even for a small and light-weight UAS as SUMO. In the future, there will be even

stricter rules and regulations for UAS operations with new requirements for pilots

and operators to obtain e.g. a UAS specific pilot’s licence. In addition, stricter

requirements on documentation of procedures, operations and maintenance will

be required as well as the reporting of accidents or dangerous situations similar

to manned aircraft traffic.
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1.6 Outlook

One major step will be the use of several UAS at the same time to expand single

point-column measurements into measurements covering areas of several square

kilometres. This will enable the collection of new comprehensive observational

data sets in areas that are difficult to access by conventional observational meth-

ods. With this further step, the use of UAS data for evaluation purposes of

NWP and climate models can be broadened. Such an approach is in particular

suited for the investigation of surface heterogeneity effects on the ABL on differ-

ent scales. Typical phenomena to be studied in more detail in this context are

internal boundary layers and transitions, for instance occuring at coastlines (land-

sea-breezes) or at the ice edge (marginal ice zone, leads and plynyas), between

rural and urban areas (mega-cities) as well as mountain-valley circulations.

The Paparazzi software enables a flexible operation of several SUMOs si-

multaneously. A first test of simultaneously profiling the ABL by using two

SUMOs at the same time have been performed during the Svalbard field cam-

paign in 2009 (www.svalbardscienceforum.no/pages/news333.htm). Thereby,

one SUMO was flown above the apron of Longyear airport, while the other one

was flown over Adventfjorden (see Figure 1.8). In Figure 1.9 the corresponding

temperature, humidity and wind profiles are shown.

a) b) 

Figure 1.8: a) A screenshot of the GCS showing two SUMOs simultanously in
the air at Longyear airport. The yellow and orange circles indicate the aircraft’s
flight path projected to the Earth’s surface. b) SUMO flight tracks in Google Earth;
the blue line indicates SUMO flying above water.
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1. INTRODUCTION

Figure 1.9: Simultaneous temperature, specific humidity, wind speed and wind di-
rection profiles at Longyear city airport on 02.04.2009 at 04:22 UTC; black: profile
over sea; grey: profile over land.

In a first approach, SUMO data has been successfully used for data assimi-

lation purposes in WRF (Jonassen et al., 2011). This gives the opportunity to

improve local weather forecasts, which is especially useful when considering wind

fields in the vicinity of potentially dangerous sites such as vulcanoes, chemistry

factories and nuclear power stations.

A search and rescue application by using SUMO data has been recently made

available by a group of Icelandic researchers (Rögnvaldsson et al., 2010).

Recently, a five-hole probe from Air Data shown in Figure 1.10 has been

installed in the nose of SUMO. This enables turbulence measurements (100 Hz)

and can provide a data basis for the evaluation of simulated turbulent kinetic

energy in the ABL parameterization schemes in NWP models.

As mentioned in subsection 1.4.4 a stable operation of SUMO depends on

fair visibility conditions with an infrared temperature difference of 8 K between

22



1.6 Outlook

ground and sky. The very recent installation of an inertia measurement unit

(IMU) enables now flights also under and in clouds.

As tethered balloons, UAS can be equipped with chemistry sensors to monitor

the chemical composition of the ABL. In cooperation with Universities of Read-

ing and Cambridge, chemistry sensors (CO2, SO2 and NOx) are under current

development to be implemented on SUMO.

Figure 1.10: The turbulence probe from Air Data installed in the nose of SUMO.

With these improvements becoming realized in the near future, SUMO will

have more application possibilities by providing a broader spectrum of meteoro-

logical variables and by progressing from single point-column measurements to

multiple measurements covering larger areas. This can both contribute to better

understanding of ABL processes as well as further NWP model validation and

finally to the improvement of NWP models. Such activities highly depend on

the undergoing actions on national and international level to establish rules and

regulations tailored for the scientific operation of UAS in civil airspace.

23



1. INTRODUCTION

24



References

Balsley, B., M. Jensen, and R. Frehlich, The use of state-of-the-art kites for pro-

filing the lower atmosphere, Boundary-Layer Meteorology, 87 (1), 1–25, 1998.

Bjerknes, V., Das Problem der Wettervorhersage, betrachtet vom Standpunkt

der Mechanik und Physik, Metorologische Zeitschrift, 21, 1–7, 1904.

Brisset, P., A. Drouin, M. Gorraz, P. Huard, and J. Tyler, The Paparazzi So-

lution, ENAC, http://www.recherche.enac.fr/paparazzi/papers_2006/

mav06_paparazzi.pdf, 2006.

Bromwich, D., K. Hines, and L. Bai, Development and testing of Polar Weather

Research and Forecasting model: 2. Arctic Ocean, Journal of Geophysical Re-

search, 114, 2009.

Cascella, G., Identifying the Inner-Core Characteristics of Hurricane Noel (2007)

via the Unmanned Aerial Vehicle, the Aerosonde, 28th Conference on Hurri-

canes and Tropical Meteorology, American Meteorological Society, 2008.

Cassano, J., and S. Knuth, UAV observations of the wintertime boundary layer

over the Terra Bay Polynya, Antarctica, EGU General Assembly Vienna, 2010.

Charney, J., R. Fjørtoft, and J. von Neumann, Numerical integration of the

barotropic vorticity equation, Tellus, 2, 237–254, 1950.

Daley, R., Atmospheric Data Analysis, 457 pp., Cambridge University Press,

1991.

Davis, C., et al., Prediction of Landfalling Hurricanes with the Advanced Hurri-

cane WRF Model, Monthly Weather Review, 136, 1990–2005, 2008.

25

http://www.recherche.enac.fr/paparazzi/papers_2006/mav06_paparazzi.pdf
http://www.recherche.enac.fr/paparazzi/papers_2006/mav06_paparazzi.pdf


REFERENCES

Egger, J., et al., Diurnal Winds in the Himalayan Kali Gandaki Valley. Part III:

Remotely Piloted Aircraft Soundings, Monthly Weather Review, 130, 2042–

2058, 2002.

Egger, J., et al., Diurnal Circulation of the Bolivian Altiplano. Part I: Observa-

tions, Monthly Weather Review, 133 (4), 911–924, 2005.

Grell, G., J. Dudhia, D. Stauffer, N. C. for Atmospheric Research. Mesoscale,

and M. M. Dicision, A description of the fifth-generation Penn State/NCAR

Mesoscale Model (MM5), 1994.

Hines, K., and D. Bromwich, Development and Testing of Polar Weather Re-

search and Forecasting (WRF) Model. Part I: Greenland Ice Sheet Meteorology,

Monthly Weather Review, 136 (6), 1971–1989, 2008.

Hines, K., D. Bromwich, L.-S. Bai, M. Barlage, and A. Slater, Development and

testing of Polar WRF. Part III. Arctic land, Journal of Climate, 24, 26–48,

2011.

Hollingsworth, A., D. Shaw, P. Lönnberg, L. Illari, K. Arpe, and A. Simmons,

Monitoring of observation and analysis quality by a data assimilation system,

Monthly Weather Review, 114 (5), 861–879, 1986.

Holton, J. R., An Introduction to Dynamic Meteorology, vol. 48, third edition ed.,

511 pp., Academic Press, Inc., 1992.

ICAO, Unmanned Aircraft Systems (UAS), circular 328, icao.int/cgi/isbn_

txt.pl?1761, 2011.
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2

Publications

2.1 Summary of Papers

This part of the thesis consists of three Papers addressing the SUMO system,

measurements performed by SUMO in different geographical areas (see Table 1.4)

and a detailed description and tests of a new wind estimation algorithm which

is especially suited for small UAS (Paper III). In Paper I and II, SUMO data

are used as a reference to evaluate the quality of NWP simulations using the

numerical weather prediction model WRF with different ABL paramterization

schemes.

In Paper I, the potential of using SUMO data as a reference for the evaluation

of high-resolution WRF integrations is shown in two case studies. In Paper

II, numerous SUMO profiles measured in Advent Valley, Svalbard are used to

evaluate ABL schemes in WRF. A ’no-flow-sensor’ wind estimation algorithm

for small UAS is introduced in Paper III. In the following subsections the main

results of the three Papers are summarized.

2.1.1 Paper I

In Paper I, the first SUMO flights performed during the FLOHOF field campaign

in Iceland in summer 2007 are presented. The Paper discusses the potential of

the SUMO system for being used as an alternative tool for the evaluation of NWP

models. Highlights of this study are
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• two days when SUMO could be operated in high temporal frequency. The

first case addresses the performance of WRF and SUMO in calm wind

conditions. The second case addresses a more dynamic situation with a

mountain-induced gravity wave;

• the thermal stratifiation of the ABL as well as meso-scale features residing

above the ABL, such as a subsidence inversion could be identified.

2.1.2 Paper II

In Paper II, results from a two weeks field campaign conducted in Svalbard in

early spring 2009 are described and summarized. The Paper addresses

• the successful operation of SUMO in Arctic conditions;

• a direct comparison of SUMO data and measurements from a tethered bal-

loon;

– The SUMO system provides comparable data quality to the tethered

balloon for heights above 200 m agl.

– The strenghts and shortcomings of both systems are discussed.

• the evaluation of WRF ABL parameterization schemes under conditions

when the ABL was stable stratified;

– a warm bias close to the surface and a cold bias above the ABL could

be identified in the tested schemes.

• high frequency profiles during one night providing deeper insight in the com-

plex interaction between atmosphere and underlying topography in Advent

Valley, Svalbard;

– subgrid-scale processes such as strong surface inversion in the valley

and an inertia oscillation in summit height could be observed.
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2.1.3 Paper III

In Paper III the ’no-flow-sensor’ wind estimation algorithm is described and in-

vestigated on. The main results from this study can be summarized as follows:

• The ’no-flow-sensor’ wind estimation algorithm is an appropriate alterna-

tive to bypass the installation of sophisticated onboard wind measurement

devices (such as flow sensor and gyroscope). This is especially important

for small UAS with limited payload capabilities.

• The algorithm can be applied when the UAS is flown in auto mode, per-

forming a helical flight pattern with constant pitch angle and throttle.

• One important finding is that wind information can be gained in comparable

quality to other well established measurement tools such as radiosondes.

This is feasible by flying the aircraft with low climb speed. As low climb

speed is rather inefficient in reaching high ceiling height, SUMO is typically

operated with high vertical velocity during ascent (8-10 m s−1) but distinctly

lower values (ca. 2 m s−1) during descent.

• The presented ’no-flow-sensor’ wind estimation algorithm has been imple-

mented in the SUMO data post-processing routine.
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Paper I
Mayer, S. Jonassen, M. Sandvik, A. Reuder, J. [2010], Atmospheric

profiling with the UAS SUMO: a new perspective for the evaluation of fine-scale

atmospheric models, Meteorology and Atmospheric Physics, doi:

10.1007/s00703-010-0063-2.

Paper II
Mayer, S. Jonassen, M., Sandvik, A., Reuder, J. [2011], Profiling the

Arctic stable boundary layer in Advent Valley, Svalbard - measurements and

simulations, Boundary-Layer Meteorology, under revision.

Paper III
Mayer, S. Hattenberger, G. Brisset, P. Jonassen, M. Reuder, J.

[2011], A ’no-flow-sensor’ wind estimation algorithm for Unmanned Aerial

Systems, submitted to International Journal of Micro Aerial Vehicles.
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Abstract For the first time, unmanned aerial system

measurements collected by the small unmanned meteoro-

logical observer (SUMO) are used to evaluate atmospheric

boundary layer (ABL) parameterization schemes embed-

ded in the Advanced Weather Research and Forecasting

model (AR-WRF). Observation sites were located in

the vicinity of the almost idealized shaped mountain

Hofsjökull, Central Iceland. SUMO profiles provided

temperature, relative humidity and wind data to maximum

heights of 3 km above ground. Two cases are investigated,

one with calm wind conditions and development of a

convective ABL and one with moderate winds and gravity

waves over Hofsjökull. For the high-resolution simulation

with AR-WRF, three two-way nested domains are chosen

with a grid size of 9, 3 and 1 km. During its first meteo-

rological test, SUMO has proved its great value for the

investigation of the diurnal evolution of the ABL and

the identification of mesoscale features residing above the

ABL, such as subsidence.

Keywords Unmanned aerial system � ABL �
Fine-scale numerical simulation �
ABL parameterization schemes � WRF � Hofsjökull �
Central Iceland

1 Introduction

The vertical structure as well as the spatial and temporal

variability of the atmospheric boundary layer (ABL) is of

vital importance in various meteorological disciplines, such

as numerical weather prediction (NWP), climate simulation

and aeronautical meteorology. The boundary layer profiles

of the basic meteorological variables, as temperature,

humidity and wind, build up the pillars for the under-

standing of atmospheric stability and the corresponding

turbulent exchange processes between the earth’s surface

and the atmosphere (e.g. Stull 1988; Garratt 1994). Several

boundary layer phenomena, e.g. stable boundary layers or

entrainment, are still not well understood, and, therefore,

only poorly represented by the recent ABL parameteriza-

tion schemes (Stensrud 2007; Teixeira et al. 2008).

Nowadays, increased computational capabilities enable

operational mesoscale atmospheric model simulations

down to a horizontal grid size of 1 km and even distinctly

below for limited area and limited time studies. The eval-

uation of such high-resolution forecasts is a key task for

further progress in NWP model development and the

improvement of sub-grid parameterization schemes. This

demands three-dimensional ABL data sets with high spatial

and temporal resolution. The systems typically used for

ABL studies, as meteorological towers, tethered balloons

and profilers based on Sodar, Lidar or Radar can give

valuable information on the status of an atmospheric col-

umn in the ABL, but they are rather demanding consider-

ing costs and infrastructural requirements and they only

provide single column measurements. Radiosoundings are

not appropriate when only interested in the ABL. Besides

the costs, ascents are time limited and, therefore, constrain

temporal resolution. Manned aircraft missions allowing

flexible probing of the ABL, e.g. Ahmadov et al. (2007),
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are highly expensive. Moreover, the surface layer close to

the ground is hardly reachable due to flight regulations and

safety reasons.

Beginning of the late 1960s (Konrad et al. 1970),

small, remotely controlled aircrafts have been proposed

as useful ABL observation tools. Technical progress and

miniaturization in the field of electronics have enabled

the development of smaller autonomous unmanned aerial

systems (UAS) for atmospheric research in the last dec-

ade (Holland et al. 2001; Egger et al. 2002; Ma et al.

2004; Spiess et al. 2007). These systems, with weights

between 3 and 50 kg and a wingspan in the order of

2–3 m, still need substantial infrastructure for operation.

In addition, the costs for fully equipped meteorological

versions are in the order 50–100 k€ per unit, led by the

Geophysical Institute at the University of Bergen, the

small and light-weight autonomous UAS small unmanned

meteorological observer (SUMO) has been designed as

’recoverable radiosonde’ for ABL research (Reuder et al.

2009b; Jonassen 2008). The system is intended to close

the existing gap of in situ ABL observations covering

horizontal scales from several tenths of meters up to

around 10 km. SUMO provides a highly mobile, flexible

and cost-efficient platform (below 3€ per unit) for the

determination of temperature, humidity and wind profiles.

It can be used without extensive infrastructure and is,

therefore, especially well suited for applications in remote

areas.

A first prototype of SUMO has been operated as a part

of the field campaign FLOHOF (Reuder et al. 2009a). At

6 days during this 5-week campaign, around 30 profiles of

temperature, relative humidity, horizontal wind speed and

wind direction up to 3,500 m above ground have been

measured with SUMO around Hofsjökull glacier in Central

Iceland.

In this study, the SUMO measurements are used for the

evaluation of high resolution runs performed with the state-

of-the-art numerical Advanced Research Weather Fore-

casting (AR-WRF) model and Version 3.0.1 offers four

different ABL schemes. In a sensitivity study, these ABL

schemes are tested and compared with the corresponding

SUMO soundings. Thereby, the focus is set on 2 days of

different synoptic situation. 18 August 2007 with calm

wind conditions and convection; and 13 August 2007 with

moderate wind conditions imposing gravity waves over

Hofsjökull.

Section 2 is reserved for a short description of the field

experiment FLOHOF in Iceland and profile measurements

with the UAS SUMO. In Sect. 3, the AR-WRF model setup

is explained. Simulated and observed data are presented in

Sects. 4 and 5 as case studies. Finally, the results are

summarized followed by an outlook into future meteoro-

logical applications of SUMO.

2 The FLOHOF field experiment and the UAS SUMO

During July and August 2007, the field experiment FLow

Over and around HOFsjökull (FLOHOF) was conducted in

the vicinity of the mountain Hofsjökull, an isolated, glacier

covered mountain (1,782 m) in Central Iceland (Fig. 1). At

a diameter of about 30 km, it rises approximately 1,000 m

above its soundings. This mountain is unique due to its

nearly circular shape and rather smooth, ice-covered sur-

face. Hence, the area around Hofsjökull is an ideal field

laboratory for validation of orographic effects simulated by

mesoscale models. The border of permanent ice and snow

cover corresponds closely to the 1,000 m contour line.

Below this altitude, the ground consists mostly of rocks and

lava partly covered by sparse vegetation.

The main camp of the experiment was located at

Ingólfsskáli (65.01�N, 18.89�W, 845 m a.s.l.), about 5-km

north of the ice edge of the glacier (denoted by the

northernmost red dot in Fig. 1). Here, a cabin with

accommodation capacity for around 20 people provided

the basic infrastructure for the field experiment. During

the campaign, a total of 18 automatic weather stations

(AWS) for the measurement of temperature(T), humidity

(rh), wind speed (f), wind direction (dir), pressure (p) and

precipitation (P) were deployed on and around the glacier.

In addition, atmospheric surroundings were performed

north and south of Hofsjökull by a tethered balloon,

pilot balloons and two measurement systems based on

unmanned aerial vehicles. A detailed description of

FLOHOF and the performed measurements can be found

in Reuder et al. (2009a) and on the project homepage

(http://www.flohof.uib.no).

SUMO is based on a small model aircraft equipped with

an autopilot system that can be operated as ’recoverable

radiosonde’ for ABL studies. The SUMO airframe has a

length of 75 cm, a wingspan of 80 cm and an overall take-

off weight of 580 g. It is electrically powered and has an

endurance of up to 20 min motor time. The system has

been equipped with sensors for pressure, temperature and

humidity. The absolute accuracy for the temperature is

given by the manufacturer with 0.5 K and for the relative

humidity with 1.8%. Unfortunately, the pressure sensor did

not work properly during the FLOHOF campaign, conse-

quently altitude information has been taken from the GPS

data set. The GPS height information has an accuracy of

±10 m. Flying SUMO in autonomous mode in a helical

flight pattern enables also the determination of wind speed

and wind direction profiles. Near-constant values of the

true air speed can be assumed, when operating SUMO with

constant pitch angle and constant throttle. Headwind

reduces the ground speed measured by the GPS system,

tailwind increases it. The average wind speed over one

circle of the flight pattern can be determined from these
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ground speed differences, and the average wind direction

from the position of the corresponding ground speed

minimum and maximum. These wind profiles are a running

mean over a full circle of the helical path. The accuracy of

the wind speed is indicated by error bars in Fig. 8c and

14c. It is important to note that the wind determination only

works in autonomous flight mode. For safety reasons,

SUMO is operated manually at altitudes below 150 m. As a

result, wind data of the SUMO system during the FLOHOF

campaign are available for altitudes of above ca. 300 m.

Owing to the changes in pitch angle and throttle from

ascent to descent at the ceiling of the profile, it is also not

possible to derive wind data for the uppermost 200 m of

the soundings. More details on the system and the wind

algorithm can be found in Reuder et al. (2009b).

In its current version, the stabilization of the aircraft is

done by an array of infrared sensors. Therefore, a safe

SUMO operation requires a radiation temperature differ-

ence of around 8 K between ground and sky. This limits

the operation of SUMO in clouds and under low, warm

clouds. This is the reason why all measured SUMO profiles

taken during the campaign correspond to an atmospheric

column without or only with rather thin higher level

clouds. Two days with good SUMO data coverage and

interesting meteorological situations have been selected for

the comparison with AR-WRF fine-scale numerical simu-

lations presented in this paper (see Table 1 for corre-

sponding flights).

3 WRF model configuration and experiment design

The non-hydrostatic Advanced Weather Research and

Forecasting Model AR-WRF version 3.0.1 has been used for

the numerical simulations. The AR-WRF accommodates

multi-nested domains, and various physical parameteriza-

tions. For a detailed description, see Skamarock et al.

(2005). In the present study, the model has been configured

with three domains with a horizontal grid resolution of 9, 3

and 1 km which have been two-way nested. The outermost

nest covered Iceland and parts of the North Atlantic

Ocean (1,080 9 990 km2), while the innermost nest cov-

ered Hofsjökull and its surroundings (100 9 110 km2) as

shown in the right panel of Fig. 1. Analysis data from the

European Centre for Medium Range Weather Forecasts

(ECMWF) have been used as initial conditions, as well as

forcing of the AR-WRF at its boundaries. The lateral

boundary values have been included every 6 h during the

simulation. The AR-WRF runs can, therefore, be considered

as downscaling runs. The time step has been set to 54 s and

output has been taken every 15 min. The numerical simu-

lation started at 00 UTC and lasted for 24 h. The simulations

have been performed with 61 vertical levels, where the

lowermost level for the main prognostic variables has been

set at about 39 m above the ground. The vertical grid spacing

Fig. 1 Iceland with the

Hofsjökull area (black box)

where the FLOHOF campaign

took place in summer 2007. The

right panel zooms into the

Hofsjökull area. Dashed lines
are contour lines with height

intervals of 400 m. White areas
are snow/ice covered. Gray
areas represent bare lava

ground. Red dot SUMO launch

sites; black square site of AWS

S2. The improved landuse data

set is kindly provided by the

Icelandic Institute for

Meteorological Research

Table 1 Overview over SUMO flights, start locations and achieved

maximum altitude above the ground level

Date Start time End time Altitude (m) Location

13.08.07 13:11 13:28 2,601 64.67�N

13.08.07 13:48 14:10 1,865 19.23�W

13.08.07 17:25 17:49 3,484 773 m a.s.l.

18.08.07 08:16 08:39 3,034 65.01�N

18.08.07 08:53 09:14 3,344 18.89�W

18.08.07 10:04 10:27 3,321 840 m a.s.l.

18.08.07 11:28 11:50 2,036

18.08.07 15:22 15:40 1,505

18.08.07 17:56 18:12 2,567

Time is given in UTC
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gradually increased with height, with seven levels below

400 m. This setup with a relatively low-vertical resolution of

the surface layer has been chosen because SUMO could not

be operated in autonomous mode in altitudes below 150 m

above ground level. The model top level has been set to

50 hPa. Owing to the focus on measurements in the ABL, we

have used most AR-WRF default physical parameteriza-

tions, but sensitivity experiments have been made with the

four ABL scheme options available in the present model

version (see Fig. 2a, b).

Option one is the Medium Range Forecast Model (MRF)

scheme from MM5 (Hong and Pan 1996). Second is the

MRF successor, the Yonsei University (YSU) ABL scheme

(Hong et al. 2006; Hong and Kim 2007). These schemes are

based on the original work of Troen and Mahrt (1986) which

consider countergradient fluxes, diagnoses the ABL height

and finally prescribe the K profile over the ABL depth. A

detailed description about the development from Troen and

Mahrt (1986), through MRF and finally to YSU can be found

in Hong et al. (2006). Following Stull (1988) these two

schemes are first order and nonlocal. Third is the MYJ

(Mellor-Yamada-Janjic, Eta/NMM) ABL scheme (Janjic

1990, 1996, 2002), which can be classified as a 1.5 order

local scheme, where the turbulent kinetic energy (TKE) is

computed through a prognostic equation and the diffusion

coefficient as a function of the Richardson number and TKE.

Fourth is the Asymmetrical Convective Model version 2

(ACM2) scheme, where nonlocal mixing is combined with

the local eddy diffusion in a first-order scheme (Pleim 2007).

A schematic representation of turbulent exchange between

layers in local and nonlocal schemes can be found in Stull

(1988) and Pleim (2007). More details can also be found at

http://www.mmm.ucar.edu/wrf/users/docs/arw_v3.pdf.

Furthermore, the following physical parameterizations

have been applied: micro-physics has been parameterized

with the so-called simple ice scheme with cloud water/ice,

and rain/snow as prognostic variables (Dudhia 1989; Hong

et al. 2004), the RRTM longwave radiation scheme (Mla-

wer et al. 1997) and the Dudhia shortwave scheme (Dudhia

1989), a snow/soil surface model that predicts the tem-

perature in five layers using a vertical diffusion equation.

Cumulus convection has been neglected in the present

model simulations.

When the flow is connected to complex topography, the

forecast skill will generally improve with increased model

resolution (Sandvik and Furevik 2002; Ágústsson and

Ólafsson 2007; Ágústsson et al. 2007). Details in the flow

pattern, such as jets and wakes not seen in the meteoro-

logical analysis, will become visible when the horizontal

resolution is sufficiently high. For the present cases, the

results from the 9-km simulation show synoptic scale fea-

tures, such as mean wind speed and direction, while the

results from the 3- and 1-km simulations show spatial

details connected to the topography. The similarity between

the results from the 3- and 1-km simulations indicate that

the flow is well represented on the 1-km grid. From theory,

two-way nesting should perform better and also provide

more consistent boundary data for the 3 and 1-km simula-

tion. Some test integrations have been performed using both

one- and two-way nesting option. Additional test simula-

tions have been performed with variable vertical resolution

as well as initial and boundary data from ECMWF on 91

model levels and 22 pressure levels. Differences have been

found between these simulations, mainly due to the spatial

displacement, but no significant differences have been

found at the observation sites. The results presented are

from the two-way nested simulations, with 61 vertical

model levels and initial and boundary conditions taken from

the ECMWF pressure levels. Model values selected at the

actual hour of measurement correspond to a prognostic time

of between 8 and 18 h, allowing for a model spin-up (dates

and flight times in UTC can be found in Table 1).

Figure 2 presents modeled temperature profiles for 18

August (case 1) and 13 August (case 2) at the corre-

sponding SUMO observation sites (see Fig. 1). The profiles

show the performance of the four different ABL schemes

offered in AR-WRF. The nonlocal schemes MRF, YSU

and ACM2 show almost identical behavior in case 1

(Fig. 2a) while the local scheme MYJ calculates a colder

ABL. For case 2 (Fig. 2b), all ABL schemes show similar

temperatures from ground up to 900 m, but deviate in the

representation of the ABL height by 300–400 m as well as

in the strength of the ABL capping inversion. These dis-

parities show the need for a tool to decide which ABL

scheme is most appropriate for a certain synoptical

situation.
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Fig. 2 Simulated temperature profiles. Black dashed line dry adi-

abate (DA). a Case 1, 18 August 2007 at 18:00 UTC. b Case 2, 13

August 2007 at 17:30 UTC
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4 Case 1: 18 August 2007

4.1 Synoptic situation

During 18 August, Iceland was influenced by the formation

of a high-pressure ridge over the Northern North Atlantic.

Winds in the Hofsjökull region were weak (B5 m/s) from

westerly directions (Fig. 3a) during most of the day (see

Fig. 4). Slight convective activity could be observed in the

form of stratocumulus clouds in the afternoon. Figure 3b

shows a north–south cross-section at 18:00 UTC with a

well mixed layer and calm wind conditions up to 1,400 m

above ground. The SUMO observation site was located

north of the mountain (65�0004600N, 18�5303700W), indi-

cated with a red dot in Fig. 3a.

4.2 Surface observations

Figure 4 shows a time series of temperature, specific

humidity and wind as measured at the AWS N3b (black)

averaged over 15 min. Correspondingly, AR-WRF output

is shown with a temporal resolution of 15 min in a gray

band which indicates the variability of the 1 km run in an

area of 5 9 5 km2 with the location of the AWS N3b in the

center of this area. With sunrise, the observed temperature

started to increase from 2�C until it reached its maximum

value of 9�C at 18:00 UTC. The wind speed was below

5 m/s from westerly directions turning to southerly in the

afternoon. The specific humidity was almost constant

during the whole day with values between 4 and 5 g/kg.

Overall, the 1-km AR-WRF run agrees very well with the

surface observation (obs) at AWS N3b.

4.3 SUMO observations and WRF output

Figure 5 presents the temperature and humidity profiles of

all SUMO ascents during the day. At 8:00, about 3 h after

sunrise, there is a well mixed layer in the lowest 200 m,

capped by a weak remainder of the nocturnal inversion.

Above and up to an inversion at 1,000 m, a neutral to

slightly stable residual layer can be identified. The free

atmosphere above is slightly stable stratified and shows the

signature of a subsidence inversion at 2,800 m. The profiles

during the next hours document continuous warming from

the ground and a corresponding increase of the ABL depth

(around 500 m at 9:00 and 800 m at 10:00). Around 11:30,

the ABL inversion of the day before has been eroded, the

(b)

(a)

Fig. 3 Case 1, 18 August at 18:00 UTC: Domain 3 with default ABL

scheme. a Wind speeds in the first layer above ground are shown in

color code. The arrows indicate the wind direction. Black solid line
ice/snow border; black dashed line indicates the cross-section shown

in b). Red dot SUMO launch site. b Gray contour lines represent

potential temperature in the cross-section. X SUMO launch site
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Fig. 4 Case 1, 18 August 2007: WRF versus AWS N3b for

temperature (T), specific humidity (q), wind speed (f) and wind

direction (dir) in 2 m
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ABL extends to 1,100 m now. During the afternoon, the

whole ABL is warmed by about 3 K and reaching a

maximum depth of 1,300 m, indicated by a weak temper-

ature inversion and a slight reduction in humidity. The well

pronounced inversion around 1,800 m in the 18:00 ascent

is not related to diurnal ABL development, but is likely

the signature of ongoing rapid subsidence related to the

increasing influence of a high pressure system. During

the observation period, the altitude of this inversion has

decreased by around 1,000 m from 2,800 m at 8:00 and

2,600 m at 10:00 to the value of 1,800 m observed in the

last ascent. The subsidence process is also confirmed by the

12:00 radiosounding of Keflavk (around 260-km southwest

of Hofsjökull) which reports a strong inversion at 700 hPa,

i.e. around 3 km above the sea level or 2,200 m above the

site of the SUMO measurements.

Figures 6 and 7 show the temperature and humidity

profiles presented above in comparison with the temporal

closest model calculation of AR-WRF with 1-km hori-

zontal resolution using the YSU scheme. The YSU scheme,

which is the default ABL scheme in AR-WRF, has been

chosen because this model run was in best agreement to the

measured profiles. Model data are presented as a gray band.

This represents the output of the modeled profile at the grid

point nearest to the SUMO ascent and of four modeled

profiles at surrounding points with a horizontal distance of

3.5 km. These four points have been chosen at the outer

corners of a square centered at the SUMO nearest grid

point. Therefore, the gray band can be considered as hor-

izontal variability in the model output. Except for the last

profile at 18:00, measurements and model calculations for

the temperature are in very good agreement. However, the

model does not reproduce the capping inversion of the

residual layer at around 1,000 m and the descending sub-

sidence inversion aloft. During the morning, the modeled

humidity in the ABL is also very close to the observations,

as it is in the layer between 2,000 m and the subsidence

inversion. However, the measurements reveal a drier layer

between 1,000 and 2,000 m which is not captured by the

model. In general, the simulations are able to reproduce the

humidity profiles quite well. The only distinct deviation

occurs at 11:30, where the model simulations of relative

humidity are biased by around 15%, while they fit nearly

perfectly before and after. This can be explained by the

growth of the ABL into the dry layer above 1,000 m and

corresponding mixing of drier air throughout the whole
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Fig. 5 Case 1, 18 August 2007: SUMO profiles of temperature and

relative humidity from 08:00 to 18:00
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Fig. 6 Case 1: temperature evolution during 18 August 2007. The
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ABL below. The model does not have this dry intermediate

layer and is, therefore, unable to reproduce this feature.

The series of profiles taken in the daytime enable to

give a rather clear picture of all important dynamic and

thermodynamic processes affecting the lower atmosphere.

The example makes clear on how important the avail-

ability of atmospheric measurements with reasonable

high-temporal resolution will be for the validation and

future improvement of corresponding model parameteri-

zation schemes. Looking at the last profile at 18:00 alone

would most probably lead to the erroneous conclusion

that the model has clearly overestimated the development

of the well mixed ABL, misinterpreting the subsidence

inversion at around 1,700 m as capping inversion of the

mixed layer.

Figure 8 shows the modeled and measured profiles for

T, rh and wind at 18:00. As in Figs. 6 and 7, the gray band

represents the horizontal variability from the AR-WRF run

with the YSU parameterization. When considering the

SUMO profile as a reference, one can decide which ABL

scheme suits best for this particularly calm situation. The

nonlocal MRF, YSU and ACM2 schemes perform very

well in T and rh, while the local MYJ scheme underesti-

mates T by 2 K and overestimates rh by approximately

25%. As can be seen in Fig. 5, the relative humidity is

rather high in parts of the atmosphere. Thus, it is reason-

able to speculate that clouds can have formed at different

levels and with time lags in the experiments. A closer look

on the evolution of the ABL during the morning hours

revealed a high level cirrus cloud in the YSU experiment,

which likely has led to less evaporation from the surface. In

the MYJ experiment, on the other hand, the higher solar

downward flux seems to have increased the evaporation

from the surface. For this experiment, a lower ABL height

has also been found, which is in agreement with the find-

ings in both Hong and Pan (1996) and Steeneveld et al.

(2008), where it was reported that local TKE closure

models produced shallower and more humid boundary

layers than nonlocal schemes. The increase in evaporation

and the relatively thin ABL both contributed to increased

rh and the formation of a low level cloud with substantial

cloud water content at 10:30. This cloud was also found at

12:00, but had disappeared at 18:00. The appearance of this

low level cloud is the most likely reason for the T bias at

18:00 seen in Fig. 8.

Looking at the wind profiles, all ABL schemes behave

quite similar. When compared with the measurement, the

model slightly overestimates the wind speed in the lower

ABL. The wind direction in the model is west while it is

more southwest in the measurement. The increase in wind

speed and the slight veering in the wind direction corre-

spond satisfactory well with the observed inversion in

Fig. 8a at 1,700 m.

5 Case 2: 13 August 2007

5.1 Synoptic situation

On August 13, Iceland was influenced by an approaching

high-pressure system from South Greenland, while a low-

pressure system was active with its center located at the

Shetland Islands. This constellation caused a rather strong

pressure gradient across Iceland imposing moderate winds

between 5 and 10 m/s from northeast, especially over the

southeastern part of the country. These wind conditions led

to mountain wave activity in the lee of Hofsjökull

accompanied by downslope winds close to the surface

(Fig. 9b). Figure 9a and b shows a tail-shaped wake
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located approximately 25-km southwest of the Hofsjökull

summit. Lenticularis-shaped clouds at different levels,

which are a strong indicator for mountain wave activity,

have been observed continuously during that day.

5.2 Surface observations

Figure 10 shows a time series of modeled and observed

temperature (T), specific humidity (q) and wind at AWS S2

(indicated with a black dot in Fig. 9a) approximately 23-

km southeast of the SUMO observation site. T, q and the

wind direction (dir) are captured very well by AR-WRF as

compared to the AWS S2, while AR-WRF underestimates

the wind speed (f) by 2–5 m/s. Looking at Fig. 9a, this is

probably caused by a slight dislocation by the model of the

rather strong wind field approximately 5–10-km northeast

of AWS S2.

5.3 SUMO observations and AR-WRF output

Owing to the fact that this day was characterized by high

spatial and temporal variability in the atmosphere, the

interpretation of the SUMO profiles is rather difficult.

Corresponding to Fig. 5, Fig. 11 presents the temperature

and humidity profiles of all SUMO ascents during the day.

Unfortunately, only afternoon ascents could be performed.

All temperature profiles show mainly neutral conditions up

to height of 1,600 m, but they are interrupted by more

stable conditions as e.g. in 900 m at 17:30 or at 1,200 m in

all three profiles. In addition, the SUMO temperature

profiles show a rather bumpy behavior as compared to the

ones in case 1 which can be most likely associated with

atmospheric wave activity.

(b)

(a)

Fig. 9 As Fig. 3, for Case 2 at 17:30 UTC. Black dot in a indicates

the location of the AWS S2. X SUMO launch site
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Fig. 10 Case 2, 13 August 2007: WRF versus AWS S2 for

temperature, wind speed, wind direction and specific humidity in 2 m
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The humidity profiles at 13:00 and 14:00 show relatively

dry conditions close to the surface and increasing with

height to values of 75% in 1,200 m. An inversion can be

identified at 2,400 m in the 13:00 ascent which is also

visible in the corresponding humidity profile. At 17:30, the

ABL has approximately the same depth as seen in the

previous soundings. In addition, a strong inversion can be

pinpointed at 2,000 m where T increases by 5 K and rh

decreases by 50% in a layer of 100 m thickness. As in

Figs. 6 and 7, Figs. 12 and 13 show measurements and

model calculations for T and rh. Overall, they are in very

good agreement considering the mean vertical gradients in

the ABL as well as surface values. However, the model

does not reproduce several small inversions measured by

SUMO at heights of 200–500 m and 1,000–1,300 m in the

17:30 UTC ascent. The rather strong inversion at 2,000 m

(17:30 UTC ascent) is most likely caused by the subsidence

of dry air from a layer above due to the approach of a high-

pressure system. An inversion at approximately 3-km

height is documented by the Keflavk radiosonde at 12

UTC. The model identifies this subsidence, but less intense

and 500 m higher as compared to SUMO (see 17:30

profile).

Figure 14 shows the modeled and measured profiles for

T, rh and wind at 17:30. As in case 1, the MRF, YSU and

ACM2 schemes show satisfying results for temperature and

humidity. In this case, MYJ performs better than in case 1.

But it still shows a slightly lower temperature and a higher

relative humidity in the ABL. Considering the great spatial

and temporal variability in the atmosphere in this case, the
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Fig. 12 Case 2: temperature evolution during 13 August 2007
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simulated wind speed using the ABL scheme YSU is in

satisfactory agreement with the SUMO wind profile. It

captures the decrease of wind speed from the surface up to

1,000 m accompanied by veering of the wind with height.

This can be associated with the wake in the lee of Hof-

sjökull. Above that level, the wind backs to east and

increases with height to values of 12 m/s in 2,300 m above

the ground. The width of the gray band represents the large

variability of the wind conditions in this area. The ABL

scheme ACM2 shows very low wind speeds close to the

surface and probably, therefore, it fails to reproduce the

wind direction at the surface by almost 180�.

6 Summary and outlook

For the first time, atmospheric soundings performed by an

UAS have been used for the validation of fine-scale

numerical simulations. During the FLOHOF campaign on

Iceland, the UAS SUMO has been operated to retrieve

profiles of temperature, relative humidity and wind.

Together with the surface stations, these measurements are

the basis for an evaluation of four different ABL schemes

embedded in AR-WRF. For this purpose, two situations

with different large scale synoptic situations have been

selected. The investigations indicate that, in general, hourly

soundings seem to be appropriate to capture the relevant

features of the diurnal evolution of the ABL as well as

large-scale synoptic influences. For very dynamical situa-

tions, e.g. in case of mountain-induced gravity waves,

soundings every half an hour are desirable to monitor the

enhanced variability in the lower atmosphere.

The comparisons show in general a satisfying agreement

between model and surface observations. One exception

is case 2 where the model underestimates the wind speed

at surface level as compared to AWS measurements by

2–5 m/s. However, it has to be mentioned that the model

shows a very strong horizontal gradient in the wind speed

field, a rather small positioning error in the model could,

therefore, be responsible for this large deviation. Looking

into the vertical structure of the atmosphere, both cases

indicate that the model simulations seem not to be able to

resolve the time development of the synoptic scale subsi-

dence inversion properly. This is most likely due to the too

coarse vertical resolution of ECMWF analysis data used

for the model initialization. In general, the nonlocal AR-

WRF ABL schemes MRF, YSU and ACM2 are able to

reproduce the temporal development of the ABL in both

cases satisfactory. The local MYJ scheme tends to under-

estimate ABL depth and the low-level temperatures in the

convective case 1. In particular, it shows a cold (-2 K) and

wet (?25 %) bias in the lower ABL which is probably due

to excessive evaporation from the ground in the morning.

This leads to the erroneous formation of a shallow low

level cloud layer in the model in the morning that distinctly

reduces the incoming solar radiation and corresponding

ground heating in the afternoon.

Overall, SUMO has proved its great value not only for

the investigation of the diurnal evolution of the ABL in

difficult mountainous area, but also for the identification

of mesoscale features residing above the ABL, such as

subsidence inversions. The system turns out to be a

greatly valuable tool for the evaluation of fine-scale

atmospheric models and their ABL parameterization

schemes and can serve to gain increased knowledge of the

ABL structure and development, especially in areas with

limited infrastructure, such as remote mountain regions

and the Arctic.

The further improvement of fine-scale atmospheric

model capabilities is strongly dependent on the availability

of appropriate four-dimensional data sets with high tem-

poral and spatial resolution. With such new data sets, a

number of well-known problems in the state-of-the-art

NWP and climate modeling can be addressed in novel

ways. Typical examples of not yet well understood phe-

nomena are in general stable boundary layers, both night

time and during winter in the Arctic, or entrainment pro-

cesses at the top of the ABL.

For case studies, SUMO data will also be highly bene-

ficial, e.g. for model initializations in complex terrain

where model runs based on coarser scale analysis data (e.g.

ECMWF) are not able to reproduce all relevant structures

(e.g. inversions) in the lower parts of the atmosphere.

The SUMO system has the potential to close the obvi-

ously existing observational gap. The possibility of getting

profiles of the lower atmosphere up to about 3 km above

ground every 30 min provides the temporal resolution to

investigate the relevant physical processes in the ABL.

This will be crucial for the detailed validation and further

development of the corresponding parameterization

schemes used in numerical models. Owing to its freely

programmable flight patterns and its horizontal range of

about 10 km, the SUMO system is also well suited for the

study of horizontal variability, which will enable a more

realistic and reliable comparison of numerical grid point

calculations and environmental measurements. With its

capability of performing vertical profiles, horizontal sur-

veys and complex, freely programmable flight patterns,

SUMO clearly outperforms tethered balloon systems.

During parallel operation of SUMO and a tethered balloon

system at Longyearbyen airport on Spitsbergen at tem-

peratures between -10�C down to -35�C in spring 2009,

SUMO proved a distinctly higher data availability. This is

mainly due to the very short preparation time of the SUMO

system. In contrast to the balloon, SUMO could also be

operated at wind speeds exceeding 10 m/s. During this
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campaign, the most serious disadvantage of the tethered

system was due to the fact that the balloon was unable to

penetrate stable inversion layers of the Arctic ABL, lim-

iting the available atmospheric profiles in several cases to

only a few hundreds of meters at Longyear airport. In

contrast, SUMO reached nearly for each ascent a ceiling of

1,500 m above ground, the maximum altitude approved by

the Norwegian Civil Aviation Authority for this experi-

ment. Nevertheless, both systems should not be seen as

competitors, but used to complement each other. Tethered

balloons are able to measure atmospheric profiles with

distinctly higher vertical resolution, particularly in the

lowest 150 m above ground.

A further big step toward real high-resolution four-

dimensional atmospheric data sets will be the simultaneous

operation of several SUMO aircrafts in so-called swarms or

flocks. The autopilot software of the SUMO system is

capable for this type of operations. First simultaneous

atmospheric measurements with two SUMO aircrafts, e.g.

performing parallel profiles over land and open sea in a

horizontal distance of 1–2 km, as well as simultaneous

horizontal survey flights at different levels, have been

successfully performed during the 2-week field campaign

on Svalbard in March/April 2009.
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Figure 1 a) Topographi map of Svalbard. b) Region of Isfjorden; numbers indiate the measurement sites; 1: Longyear airport (LYR)at the oastline of Isfjorden and 2: the old Auroral station (OAS) in Advent Valley.the in�uene of gravity waves on atmospheri pro�les orkatabati and drainage in�ow lose to the ground. Forthe �eld experiment a 10 m mast equipped with tem-perature, humidity sensors and anemometers (2 m, 6 mand 10 m ) has been set up (see Figure 4, grey dots).Figure 3b) displays the topography at OAS (blak dia-mond) in AV. At this site, 46 SUMO �ights were per-formed.
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