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Abstract

A common challenge in urban climate research is the supply of both comprehensive and solid
datasets. Resulting from high associated material and staff costs, professionally maintained
meteorological measurement sites are usually only sparsely distributed. But especially in cities
the need for more dense observation networks arises to study the heterogeneous urban climate
and its impacts on citizen health and comfort. Crowdsourcing data from citizen weather station
networks has a promising potential to fill the present data gap in urban areas. Having expanded
to a decent spatial and temporal resolution, the Netatmo citizen weather station network is one
of the globally most established publicly accessible meteorological crowdsourcing networks.

Unfortunately, the effective data quality of such networks is widely unknown. When considering
crowdsourced data, the question inevitably emerges how to evaluate these readings. Filtering
based on statistical scores and comparison to well-known high quality reference sites is a pos-
sibility to sort out strikingly conspicuous data and has been performed by several researchers
before. This work addresses the data quality question in a slightly different way, taking the
physical aspects of temperature measurement more into account.

The overall motivation of this work is to provide a comprehensive and robust simulation tool
for analyses and assessments of Netatmo outdoor module temperature data. To accomplish this,
based on the concept that every measuring apparatus underlies the laws of physics, a prognostic
energy balance model for the Netatmo outdoor module is introduced. The model is deduced
from the most prominent physical processes that a common temperature sensor is influenced
by: thermal inertia, short- and long-wave radiation budget, heat conduction from probe casing
to the actual sensor and surface latent and sensible heat fluxes. Throughout the document the
model is derived in detail and calibrated using both classical experimental as well as optimization
approaches.

Simulations of an exposed Netatmo outdoor module at the Wettermast Hamburg measure-
ment site identify the solar radiation as the dominant driver of air temperature measurement
deviations. Moreover, the temperature measurement seems to be influenced by the long-wave
radiation budget as least as significantly as by the surrounding air temperature. This indicates
that urban Netatmo outdoor module readings should rather be interpreted as a combination
of the adjacent building temperature and the actual air temperature. Furthermore, deviations
caused by the outdoor module’s temporal lag are marginal compared to other influences.
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Chapter 1

Introduction

Given the well-documented heterogeneity within urban areas (e.g. Eliasson and Svensson 2003;
Kim and Baik 2005; Fenner et al. 2014), more dense monitoring networks are of great value for
various forms of urban climate investigation (Muller et al. 2015). But building and sustaining a
large-scale monitoring network with decent spatial resolution is challenging and expensive (Chap-
man 2015), leaving researchers partly with only a handful of meteorological measurement sites
for a whole city.

The flourishing trend of the Internet/Web of Things (Gershenfeld et al. 2004; Guinard and
Trifa 2009) increasingly encourages citizens to participate in public environmental measurement
networks. Examples of well-established networks of this kind are the open-source SenseBox net-
work (Broring et al. 2011) and most notably the Netatmo citizen weather station (CWS) net-
work. Integrating with home automation facilities, the French Netatmo company (Netatmo SAS
2018a) offers various easy to use meteorological instruments. The most basic devices are an
indoor and an outdoor module measuring at least temperature and humidity. By default, the
outdoor module’s readings are released for public access and displayed on the company’s web-
site (Netatmo SAS 2018c). Especially in urban areas, where the population density is generally
higher than in rural areas, the amount of available Netatmo data increases steadily (e.g. for the
city of Berlin, Germany see Meier et al. 2017). At the time of writing there exist real-time tem-
perature and humidity readings of well above 1,000 available Netatmo outdoor modules in the
region of Hamburg, Germany. The typical distance between two adjacent stations in Hamburg
is about 250 m.

The actual quality of such crowd sourced data is widely unknown (Chapman et al. 2017) and
effort is being put into developing techniques to assess or increase the validity. For example Bell
et al. (2015) compared measurements of several all-in-one CWSs and found significant biases for
some device models. Meier et al. (2017) developed a filter for public Netatmo data in Berlin which
effectively drops around half of the stations based on statistical criteria. Bruns et al. (2018) in-
troduced a statistical method of automated quality assessment for CWSs.

All of these studies ultimately rely on statistical methods relating the data in the crowd to
readings from professionally maintained sites as a reference. The downside of exclusively using
statistical analyses is that the actual physical processes characterizing the measurement itself are
left unregarded or in any case get heavily abstracted. This study tries to address this shortcoming
by means of investigating the temperature measurement process of a Netatmo outdoor module.

Given the Netatmo outdoor module’s bulky and rather uncommon design for a temperature
sensor, the straight-forward perception of its characteristics is a strong radiative feedback due to
the anodized aluminium surface as well as a heavily lagged response. Several studies have already
been conducted addressing the radiative feedback of common temperature sensors regarding
their shielding (e.g. Nakamura and Mahrt 2005; Lundquist and Huggett 2008). Unfortunately,
the Netatmo outdoor module’s design is incompatible with the constructions examined in these
studies. Furthermore, techniques to revert the lag of a slow-response sensor system have also
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CHAPTER 1. INTRODUCTION

been thoroughly discussed before (e.g. Fofonoff et al. 1974; Horne and Toole 1980; Miloshevich
et al. 2004), but only for sensor systems affected by a single forcing quantity.

Still, the Netatmo network has a major benefit - all Netatmo outdoor modules are identical in
construction. So before attempting to get an understanding of the entire network’s data quality,
it is reasonable to first investigate its smallest component - the Netatmo outdoor module. This
work focusses on the temperature measurement because temperature is on the one hand a well-
documented physical quantity and on the other hand the quantity which is largely available
from the Netatmo network.

The principle followed in this work is comparable to the one of simple models for the earth
climate system, which have been discussed for decades (e.g. North et al. 1981; Houghton et
al. 1997; Fraedrich 2001) due to their elementariness and comprehensibility. Notwithstanding,
fundamental conclusions can be deduced studying these models. In this context, a prognostic
energy balance model for the Netatmo outdoor module’s temperature measurement is introduced
in this study. The model is based on the most typical processes influencing a temperature
probe: thermal inertia, short- and long-wave radiation budget, heat conduction from probe casing
to the actual sensor as well as latent and sensible heat flux. The model enables to simulate what
a Netatmo outdoor module would gauge given certain environmental conditions. Evidently, it
also opens up general possibilities of model application like inverse modelling, e.g. for forcing
retracing.

This work is structured as follows: The Netatmo outdoor module device and its characteristics
are introduced in Chapter 2. The energy balance model is derived in detail in Chapter 3 along
with the used equations and parametrisations. Chapter 4 then elaborates on the different cal-
ibration methods applied to determine and fine-tune the model parameters. Chapter 5 briefly
demonstrates the application use-cases of the model: The temperature measurement of a Net-
atmo outdoor module is simulated and evaluated at the Wettermast Hamburg measurement site
for different conceptual scenarios. Chapter 6 summarizes the findings and Chapter 7 elaborates
on further possible model improvements.
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Chapter 2

Netatmo Citizen Weather Station

Netatmo is a French company producing consumer-friendly weather stations that can easily be
set up and which require a minimum amount of maintenance. The base package consists of an
indoor and an outdoor module, both measuring at least temperature and humidity. The data
recorded by the outdoor module is published by default, but the user can disable the publishing
at any time. It is also possible to add other purchasable modules - e.g. a rain and a wind
module - but these modules have a smaller distribution.

For this study, seven pairs of Netatmo indoor and outdoor modules were used. To ease recognition
they were named according to the Greek alphabet: ALPHA, BETA, GAMMA, DELTA, EPSILON,
ZETA and ETA (Figure 2.1). In the following sections both module types are introduced with
a special focus on the outdoor module and its basic measurement characteristics. Additionally,
the slightly complex data flow and the data acquisition possibilities are clarified to outline the
potentials and limits for performing calibration experiments.

2.1 Indoor Module

An indoor module is the base station for other Netatmo modules like the outdoor module. It is
powered via a USB cable. The indoor module measures meteorological and air quality parameters
itself: temperature (accuracy according to the manufacturer Netatmo SAS (2018a): +0.3K),
humidity (+£3 %), pressure (£1 mbar), CO2 (£50 ppm) and noise. The pressure measurement of
the indoor module is the only quantity that is made publicly available. As the maximum signal
range between indoor module and outdoor module is 100 m according to the manufacturer, the
pressure reading may be used as forcing input for the model later on and is comprehensibly
assumed to be correct for the present study.

2.2 Outdoor Module

The battery-powered outdoor module is intended to be placed outside. The manual contains very
rudimental visual instructions on the right positioning. It advises to place the module in a spot
that is protected from direct solar irradiation and rain. However, the station’s owner is still free
to decide the location wherever the measurement is intended, e.g. indoors (Meier et al. 2015).
The outdoor module measures temperature (accuracy according to manufacturer: +£0.3 K) and
humidity (£3%). If the default option is left enabled, the outdoor module’s data is publicly
available via the Netatmo Application Programming Interface (API) as explained below. For
the devices used in this study, this option was disabled for the experiments.

The outdoor module consists of two main components as shown in Figure 2.2a: firstly, a shell
consisting mostly of aluminium (further called the ‘cover’) - and secondly the part containing the
actual electrical components (further called the ‘sensor unit’). But the module can be further
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2.2. OUTDOOR MODULE CHAPTER 2. NETATMO CITIZEN WEATHER STATION

(b)

Figure 2.1: Netatmo devices used in this study: The battery-powered frame in (a) touches the
seven Netatmo indoor modules with touchpens at a frequency of around 15 seconds. (b) Seven
corresponding Netatmo outdoor modules in the climate chamber.

Table 2.1: Weight of the Netatmo outdoor modules in use, batteries included

Mean

outdoor module 144.80 + 0.86¢
cover 81.80+0.78¢g
sensor unit  63.00 £0.21g

disassembled as shown in detail in Figure 2.2b. A combined temperature and humidity sensor
chip (SHT20, Sensirion 2014) is soldered onto the circuitry board, which will subsequently be
referred to as ‘sensor board’ (Figure 2.2d). The module as a whole weighs around 145 g, whereby
the cover is slightly heavier than the sensor unit (Table 2.1).

In the following the outdoor module’s basic measurement characteristics are assessed experi-
mentally. The outdoor module’s temporal lag behaviour is investigated and the accuracy of the
built-in SHT20 sensor chip is examined.

Temporal Lag Behaviour

Most studies on crowdsourced data mainly focus on the devices’ stationary accuracy (Bell et al.
2015; Chapman et al. 2017; Meier et al. 2017) and neglect the temporal component, i.e. the
lag behaviour, introduced by ‘design flaws’ as Bell et al. (2015) put it. Since CWSs are com-
mercial products they also need to have an appealing design. The Netatmo CWS is a good
example - while being visually appealing, the radiation properties of the outdoor module’s cover
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CHAPTER 2. NETATMO CITIZEN WEATHER STATION 2.2. OUTDOOR MODULE
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Figure 2.2: Disassembled Netatmo outdoor module. (a) cover and sensor unit as main parts of
the outdoor module, (b) top row: cylindrical aluminium shell, battery casing, bottom plate, bat-
teries - bottom row: plastic shell inlet, screws, sensor board, battery cap, (c¢) upside down - board
visible, setup for the sensor accuracy experiment, (d) sensor board with the SHT20 sensor in
the top left-hand corner.

seem only questionably appropriate. Furthermore, the SHT20 temperature and humidity sensor
is very concealed within the outdoor module, which increases its response time.

To quantify this, the seven Netatmo modules were heated up (cooled down) in the climate cham-
ber on a grid. Experiments were conducted both with and without the cover. After stationarity
was achieved, the outdoor modules were put in a calm, dark place to adjust to the environmental
temperature. A non-linear least squares fit of an exponential decay function to the obtained tem-
perature data was then used to determine the time constant of each outdoor module (Figure 2.3).

It turns out, that under calm conditions the outdoor module has a quite large time constant
of more than 20 minutes. Without the cover the time constant decreases slightly to approxi-
mately 15 minutes. Since the time constant is defined as the time until an initial perturbation
is lessened to a fraction of % ~ 37 %, the outdoor module’s actual wind-less adjustment time
is roughly one hour for an instantaneous significant change in the environmental temperature.
Meier et al. (2017) also asserted during their Netatmo outdoor module calibration experiments
that an adjustment period of up to two hours was necessary. This surprisingly large lag com-
prehensibly raises concerns about the Netatmo network’s data quality and will be assessed
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2.2. OUTDOOR MODULE CHAPTER 2. NETATMO CITIZEN WEATHER STATION
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Figure 2.3: Netatmo outdoor module time constant cooldown and warmup experiment results
with the cover (a and b) and without (¢ and d) under calm conditions. The time constants were
determined using a non-linear least squares fit of an exponential decay function to the data.

A lag-correction can be formulated as the inverse of a convolution or comparable methods (Fo-
fonoff et al. 1974; Horne and Toole 1980; Miloshevich et al. 2004), as can be read about in com-
mon text books like Haddad and Parsons (1991). However, inversion of a convolution always
requires the knowledge of the convolution kernel. In simple cases, the kernel can be determined
via calibration experiments. But if the kernel is time dependent, i.e. the instrument’s lag be-
haviour is not constant in time, the lag correction becomes a matter of estimating the kernel’s
time-dependency empirically. As the Netatmo outdoor module’s lag characteristics are obviously
time-dependent due to the fluctuating radiative input for example, a deconvolution is thus an
inappropriate correction mechanism in this case.

Sensor Accuracy

To assess the accuracy of the SHT20 sensor chip itself, readings were compared to a VAISALA
HMP155 temperature and humidity probe (HMP). An assessment of the Netatmo outdoor mod-
ule’s accuracy has already been performed by Meier et al. (2017), but using only seven discrete
temperature levels. The module’s slow response introduces long adjustment times which makes
a continuous calibration generally challenging. As climate chambers are usually controlled elec-
tronically and don’t have a continuously adjustable thermal unit, the temperature cannot be
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CHAPTER 2. NETATMO CITIZEN WEATHER STATION 2.3. DATA FLOW

held exactly constant. Instead, the thermal unit is switched on and off following a hysteresis to
minimize wearing of electrical switching components, resulting in a jigsaw-shaped temporal tem-
perature pattern. A fast sensor like the HMP is able to catch these temperature variations. The
climate chamber used in these experiments switches at a frequency of around one minute. Since
the outdoor module in its normally assembled state has a time constant of more than 20 minutes,
calibrating lagged Netatmo readings against any reference sensor that has a different time con-
stant is non-trivial.

To address this, first the cover and the bottom plate were removed (Figure 2.2c) so that the
sensor is completely exposed. All seven outdoor modules were then placed into the insulated
climate chamber in a circular formation alongside the HMP. It is to be noted that, due to
the design of the climate chamber, it was not possible to position the HMP within an equal
distance to all Netatmo outdoor modules. To increase the temperature homogeneity in the
climate chamber, a small ventilating fan was placed in the center of all devices. Two experiments
were conducted - each time, the climate chamber was set to a fixed temperature until all devices
had a constant reading. The climate chamber’s thermal unit was then switched off and the setup
was left untouched over night. Due to the climate chamber’s insulation a slow adjustment to
the environmental temperature was achieved. Thus, comparable and continuous time series of
Netatmo sensors and the reference sensor were obtained. The results are shown in Figure 2.4.

Conspiciously, the devices ALPHA, GAMMA and ETA bear the highest resemblance to the refer-
ence sensor’s readings. They were amongst the closest to the reference sensor and positioned at
the climate chamber’s door, which obviously has a better insulation than the other sides. Nev-
ertheless, for the tested temperature range of around 18 °C to 42°C the temperature sensor’s
accuracy primarily lies within the specification’s accuracy of £0.3 K.

2.3 Data Flow

The Netatmo readings are not collected actively by the user. The whole data flow process is auto-
mated but requires an initial setup. The outdoor module communicates its readings cordlessly
to the indoor module. It is not intended to intercept and readout the data at this point. Instead,
the indoor module uploads the received data along with its own readings to the Netatmo cloud
via a local wireless network on a five minute schedule (Figure 2.5). There is no official way to
retrieve the data from within the local network directly. Instead, to obtain the data of a Netatmo
station, one has to query the Netatmo API and download the data.

However, it is possible to initiate a measurement actively by touching the top of the indoor module.
To increase the reading frequency for the calibration experiments, a device was built that tips
touchpens onto the indoor modules’ tops periodically at a frequency of around 15 seconds to
instigate a measurement (Figure 2.1a). Nevertheless, the effective maximum reading frequency
uploaded to the server is still roughly one minute, which is the temporal resolution limit.

Netatmo API

The public data in the Netatmo network can be obtained through the Netatmo API (Netatmo
SAS 2018b). To properly access this API, a Python package was developed (Biichau 2017b) and
made publicly available. At the time of writing, there were two relevant API entry points for
this work’s purpose: the Getpublicdata method and the Getmeasure method.
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Figure 2.4: Qualitative assessment of the Netatmo outdoor module’s sensor accuracy. Results
of the (a) cooldown and (c) warmup experiment along with the corresponding temperature dif-
ferences between the Netatmo outdoor module and the HMP reference sensor reading (b and d).
The SHT20 sensor chip was fully exposed during this experiment (Figure 2.2c). Netatmo outdoor
module ALPHA was closest to the reference sensor. The ‘accuracy’ refers to the manufacturer’s
guaranteed accuracy.

The Getpublicdata method can be used to obtain current public data in a specified lat/lon
region and effectively yields a snapshot of present readings. However, it also contains the infor-
mation, what outdoor module belongs to which indoor module. This is necessary metadata for
the Getmeasure method. A compiled result of multiple Getpublicdata requests for the region
of Hamburg is shown in Figure 2.6 .

The Getmeasure method enables acquiring past data from a single station one has access to. This
may be any public station or a station one owns. To acquire timeseries data of an outdoor module,
knowledge of its corresponding indoor module’s device id is needed. This id can be obtained with
the Getpublicdata method if unknown. The Getmeasure method is thus the suitable API entry
point for calibration and simulation purposes used further on throughout this study.
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(a) (b) (c) ()
wireless WLAN . . internet N internet
oca etatmo —
router ) server — |application
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Figure 2.5: Data flow from outdoor module to application. The outdoor module sends its read-
ings wirelessly to the indoor module (a) which uploads it over the local wireless network (b) to
the Netatmo server (c) from where an application can retrieve it (d).
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Figure 2.6: Snapshot of Netatmo citizen weather station temperature readings in the region of
Hamburg.
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Chapter 3

Energy Balance Model

To quantify the aforementioned considerations concerning the outdoor module’s suitability as
a temperature sensor, a prognostic energy balance model is now introduced and derived. This
model allows for modelling what an outdoor module would gauge given a certain forcing, i.e. cer-
tain environmental conditions.

Analogously to the principle followed for simple earth climate system models, keeping the en-
ergy balance model for the outdoor module simple while maintaining representativeness was the
priority during its development. It is derived with the objective that essentially any temperature
measuring instrument with a similar construction as the outdoor module will be analogically
modellable in principle. The parameters, i.e. the quantities defining the model’s characterist-
ics, still remain device-specific but should be equally determinable as for the Netatmo outdoor
module as described in Chapter 4.

3.1 Concept

To keep the model’s complexity low, several simplifying assumptions are made (Table 3.1).
First, the outdoor module is assumed to consist of two heat reservoirs: the cover which fully
encloses the sensor unit (Table 3.1I). These two reservoirs are connected solely via heat conduc-
tion (Table 3.11I). Only the cover is assumed to be exposed to the environment (Table 3.111I). As
for the radiation processes, the cover’s surface is supposed to be under the influence of incom-
ing short-wave and long-wave radiation. It emits long-wave radiation itself. Furthermore, to
facilitate modelling both reservoirs effectively as zero-dimensional (Table 3.11V), all forcing is
assumed to interfere homogeneously with the cover. The only quantity which obviously violates
this assumption significantly in reality is the incoming short-wave radiation. Thus, this quantity
needs to be transformed accordingly.

The Netatmo outdoor module is assumed to stand on a surface instead of being attached to a
wall (Table 3.1V). Moreover, it is supposed that the bottom plate acts as an insulator to the
ground, so no heat is exchanged at the bottom of the outdoor module (Table 3.1VI). Given the
fact that the sensor board is located directly above the bottom plate (Figure 2.2¢), neglecting
the heat conduction to and from the placing surface will introduce an error. Nevertheless, this
approach is necessary because the placing surface’s temperature is difficult to parametrise in
this case.

All heat fluxes are parametrised using a first order closure approach (Table 3.1VII), i.e. all
heat fluxes are assumed to relate proportionally to their inducing physical quantity’s gradi-
ent. For heat fluxes acting on the cover surface, a proportionality to the wind velocity is as-
sumed (Table 3.1VIII). This implies that surface heat fluxes under calm conditions are neglected.
This assumption should be safe to make as long as there is enough ventilation through wind.

Eventually, it is assumed that there is no feedback from the outdoor module to the environ-
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3.2. EQUATIONS CHAPTER 3. ENERGY BALANCE MODEL

Table 3.1: Model assumptions

Nr. Assumption

1 The Netatmo outdoor module consists of two heat reservoirs: the cover which fully
encloses the sensor unit.

II The cover and the sensor unit are connected solely by heat conduction.

111 The cover’s surface is under the influence of incoming short- and long-wave radiation
as well as sensible and latent heat flux. It emits long-wave radiation itself.

v The cover and the sensor unit each have no spatial temperature differences, i.e. they
are both effectively treated as zero-dimensional.

V The Netatmo outdoor module is standing on the ground, i.e. the bottom plate has
no air contact from below.

VI There is no heat flux at the bottom of the Netatmo outdoor module, i.e. the
bottom plate acts as an insulator.

VII  First order heat flux closure: heat fluxes are proportional to the gradient.
VIII  Sensible and latent heat flux are proportional to the wind velocity.
IX Bulk transfer coefficients of heat and moisture are equal.

X There is no feedback to the environment. The device is reacting passively to the
environmental conditions.

ment (Table 3.1X). The outdoor module is thus reacting passively to the environmental condi-
tions. This assumption should again be safe to make as long as there is enough advection, i.e.
enough ventilation through wind.

3.2 Equations

Given the aforementioned simplifying assumptions, equations describing the outdoor module’s
energy budget can be derived. Symbols used in the following equations are listed in Table 3.2.
A schematic graph of the modelled heat fluxes is shown in Figure 3.1. The general energy balance
equation for the cover’s surface can then be formulated as

AT,
S — LWout + LVVln + SVVln
dt —_——— —— ———
- . long-wave out long-wave in  short-wave in
thermal inertia (3 1)
+Hg +Hy, —AH;
—~—

sensible heat flux latent heat flux  internal heat conduction

As cover and sensor unit are solely connected by heat conduction (Table 3.11I), the internal heat
conduction AHj is the only process influencing the sensor unit’s temperature. Thus, the energy
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Figure 3.1: Energy balance model concept graph.

balance equation for the sensor unit is

dT;
Con— = AH; (3.2)
dt
v internal heat conduction
sensor unit thermal
inertia

3.3 Parametrisations

In the following sections the parametrisations applied to quantify the terms in Equation 3.1 and
Equation 3.2 are introduced.

Sensor Calibration

As asserted in Section 2.2, the temperature sensor itself seems to be accurate enough to justify the
assumption that the real sensor unit temperature 7; is sufficiently represented by the measured
temperature Ty,:

T =Th (3.3)
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Table 3.2: Symbols used in the energy balance equations

(a) state variables

Symbol Unit Description
T K (surface) temperature of the cover
T; K real temperature of the sensor unit
(b) parameters
dm m Netatmo outdoor module diameter
hm m Netatmo outdoor module height
Wiy 1 share of sky and ground long-wave radiation
A W/(Km) effective internal conductivity
Qg 1 cover short-wave albedo
Es 1 cover long-wave emissivity
Cs J/K effective cover heat capacity
Cm J/K effective sensor unit heat capacity
7 1 bulk transfer parameter for heat and moisture
(c) forcing
Ot 1 wet area fraction on the cover
T, K surrounding air temperature
T K ground surface temperature
Pa kg/m3 surrounding air density
Ga kg /kg specific humidity of surrounding air
v m/s wind velocity
Dy sky W /m? total incoming sky long-wave radiation
Isw w/ m? total incoming short-wave radiation
(d) physical constants
L J/kg enthalpy of vaporization of water
Cp J/(kgK) specific heat capacity of dry air under constant pressure
(e) other
DI, W /m? effective incoming long-wave radiation
gs kg /kg specific humidity in immediate proximity of the cover
q* kg /kg saturation specific humidity
Ag m?2 exposed surface area of Netatmo outdoor module
A, m? radiation receiving surface area of Netatmo outdoor module
Tm K Netatmo outdoor module’s measured temperature
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Exposed Surface Area A,

For the surface processes, the exposed surface area Ag needs to be determined. This can be done
by a simple cylinder geometry using the outdoor module’s height hy, and diameter dy,:

2
d
Ac= 7 =) 4+ wdyhy (3.4)
2 ——
~—— mantle area
top area

Although the bottom plate is assumed to be an insulator (Table 3.1VI), its exposed side area
should still be included because in reality it contributes to the radiation budget as well.

Emitted Long-Wave Radiation LW,

The emitted long-wave radiation is parametrized by the STEFAN-BOLTZMANN-law with the
surface’s long-wave emissivity eg:

LWy = es0 AT (3.5)

emitted long-wave radiation

As the whole exposed surface emits long-wave radiation, the exposed surface area Ag is used.

Incoming Long-Wave Radiation LW,

Parametrising the incoming long-wave radiation is challenging. Theoretically it depends both on
global and on local incoming long-wave radiation. While global long-wave radiation is paramet-
risable via larger-scale pyrgeometer measurements (e.g. Wettermast Hamburg measurement site
for the region of Hamburg, Brimmer et al. 2012), the local effect of buildings or other objects
near the outdoor module is difficult to quantify. Still, the long-wave radiation originating from
the surrounding ground surface is likely to be even greater than the sky’s long-wave radiation.
Thus, the effective total incoming long-wave radiation Ijy,, is parametrised as a weighted average
of sky Iy sky and ground surface long-wave radiation which is parametrised as the blackbody
radiation of the ground surface temperature T, according to the STEFAN-BOLTZMANN-law. The
weight 0 < wyy, < 1 is assumed to be wy, = 0.5 but keeping it adjustable makes simulating
some scenarios easier. All incoming long-wave radiation is assumed to take effect on the whole
exposed surface area Ag:

LWin = &6 Iy, As = & [(1— wiw) 0T, + Wiy Iwsky] As (3.6)

~
absorbed long-wave radiation

Incoming Short-Wave Radiation ST,

For the incoming short-wave radiation, it is difficult to estimate the local shadowing as well
as the different influence of direct and diffuse solar input. The incoming solar radiation I, is
assumed to act on a receiving area A,. This is the area affected by direct solar radiation which is
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intrinsically dependent on the solar altitude. However, for simplicity, this dependency is neglected
and the area is parametrised as

Ar=  dphm (3.7)

shadowing area

Short-wave input is then parametrised in terms of total incoming solar radiation I, acting on
the receiving surface area A,, diminished by reflection:

SW; = (1 - as) Ar Iy (38)
N—— —
short-wave in absorbed solar input

with 0 < ag < 1 being the surface albedo.

Sensible Heat Flux Hg

The sensible heat flux between a surface and its surrounding air is commonly parametrised
proportionally on their temperature difference, air density p,, the wind velocity v and the
affected area (cf. text books like Wallace and Hobbs 2006). Obeying assumption Table 3.1VIII,
the same approach is taken here, appending a heat flux parameter n for adjustment and using

the outdoor module’s exposed surface area Ag:

Hg = —pacp (T —Ta) Asnv (3.9)

sensible heat flux

This parametrisation implies that under calm conditions the outdoor module is thermally com-
pletely decoupled from the surrounding air. Considering the time constant determination experi-
ment (Figure 2.3), which was conducted under calm conditions, this implication seems to be only
questionably fulfilled in reality. Nonetheless, assuming that thoroughly calm conditions occur
only infrequently (e.g. Britmmer et al. 2012; Gryning et al. 2014), neglecting the sensible heat flux
under calm conditions is a simplification that eases model calibration substantially (Chapter 4).

Latent Heat Flux Hi,

Analogously to the sensible heat flux the latent heat flux is usually parametrised based on the
difference in humidity at the surface (¢gs) and the surrounding air (g,):

Hy, = —paL(gs — qa) Asnv (3.10)

general latent heat flux

For both the sensible and the latent heat flux the same parameter n is used (see Table 3.1IX,
Wallace and Hobbs 2006). The simplest approach to quantify the specific humidity in immediate
proximity of the outdoor module g5 is to establish that the outdoor module is either always
dry (gs = 0, effectively disabling the latent heat flux) or completely damp. If the entire exposed
surface was covered with a liquid water film, the air in immediate proximity could be assumed
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to be saturated (¢s = ¢* (Ty)). However, attempts to moisturise the entire cover surface were
unsuccessful. Since the aluminium shell has a vertical orientation, most water drops run off.
Only the plastic horizontal top plate is able to hold a more significant amount of liquid water.
But given the fact that the outdoor module’s top is farthermost to the sensor, it is most likely
the least significant area to influence the sensor unit’s temperature. Thus, g5 is parametrized as
an interpolation between the humidity of the surrounding air ¢, and the saturation humidity at
surface temperature ¢* (Ty) depending on the cover’s wet area coverage 0 < ayet < 1:

Qs = Qa T Gwet [q* (Ts> - Qa] (3.11)

With this approach Equation 3.10 is changed to

Hy, = —Qwyet Pa L (q* (Ts) - Qa) Ag nv (3.12)

latent heat flux latent heat flux on partially wet surface

With ¢* (T3) and ¢, being independent of each other, this parametrisation also includes condens-
ation on the cover’s surface as a warming process if aye; > 0.

Internal Heat Conduction AH;

The coupling of cover and sensor unit is realised by heat conduction as codified in Table 3.11I.
Technically, except for the fastening ring (around 1cm in height, level with the sensor board),
cover and sensor unit are separated by air and have no direct contact. However, expecting no
airflow in this gap, an effective heat conduction should describe the heat transfer in between well
enough. Both reservoirs include this heat transfer in their balance equations. It is parametrised
as the heat conduction through an imaginary area half the size of the exposed surface area Ag and
along a distance half the module’s diameter dy,, with an internal conductivity A:
AS
AHi = XN— (Ts—T)) (3.13)
d

inward heat conduction

Final Parametrized Energy Balance Equations

The final parametrized cover energy balance equation is:

Cs d1T; A
XZ dts = —&g O'TS4 + &g [(1 — wlw) O'Tg4 + Wiw Ilw,sky] + (1 — as) /T:ISW
thermal inertia long-wave out long-wave in short-wave in
(3.14)
* A
—PaCp (Ts = Ta) nv —awet pa L (¢ (Ts) — qa) nv T (Ts — T3)
m
sensible heat flux latent heat flux

internal heat conduction
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The final parametrized sensor unit energy balance equation is:

Cn dT; A
- 2 m-T 3.15
A dt dm (T ) ( )
| ——
thermal inertia internal heat conduction

3.4 Implementation

To implement this energy balance model, a Python package was developed (Biichau 2017a) and
made publicly available. As Equation 3.14 is heavily non-linear due to the fourth power in the
emitted long-wave radiation term and the exponential saturation humidity ¢* (T5), it is solved
with the Runge-Kutta-4th order numerical scheme (RK4) after Dormand and Prince (1980).
Equation 3.15 is linear and could be solved reliably with either the implicit scheme or the RK4
as well. But as it is not possible to integrate a set of numerical schemes where all equations
depend on future time steps of each other - which is the case here - the internal energy balance
equation is solved with a simple explicit scheme. The forcing is fed into the model without any
modification, no data assimilation technique is used. All model data is interpolated linearly if

necessary.
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Chapter 4

Calibration

The parametrisations established in Section 3.3 introduce unknown parameters (Table 3.2b) that
need to be determined or estimated in order to run the model. Two calibration techniques - equa-
tion condensing and optimization - are introduced in the following, both based on experimental
data.

4.1 Condensing the Equations

One common model calibration approach is to elaborate under which experimentally contrivable
conditions the model equations boil down to a simple relationship that allows the calculation
of one or more parameters. For this outdoor module temperature model, several simplifying
scenarios can be considered (Table 4.1). Each scenario disables specific terms in the model
equations Equation 3.14 and Equation 3.15. Assuming the proper combinations of those scenarios
reduces the equations’ complexity and reveals simpler connections between the processes. If this
connection then contains a parameter of interest and it is possible to realise these conditions
experimentally well enough, the gathered data can be used for parameter determination.

This calibration method has a couple of downsides. Firstly, it is not necessarily possible to
determine all parameters in this way. Several parameters might need to be estimated - e.g.
based on well-known physical literature values - because other parameters depend on them.
These interdependencies can also force a specific order in which the parameters need to be
determined. Secondly, through condensing the equations only characteristic parts of the model
are examined at once. As a consequence, the model is never evaluated as a whole which may lead
to inconsistencies. Section 4.2 introduces an approach of calibration that improves upon these
particular difficulties. Nonetheless, calibration via construing the model equations yields solid
basic parameter estimates. In the following sections, all parameters are determined sequentially
using the classical approach of reorganising the model equations.

Dimensions d,, and h,,

The outdoor module’s dimensions can be determined by callipering:

dm = 45mm, hy, = 105.3mm (4.1)

Hence the exposed area is As = 164.77 cm? and the short-wave radiation receiving area is A, =
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Table 4.1: Simplifying experimental scenarios

Scenario Condition Explanation
dry Gwet = 0 surface completely dry
wet Owet = 1 surface as wet as possible, e.g. thin wet fabric cover
dark I.w=0 no short-wave radiation, e.g. dark room
calm v=20 no wind, e.g. indoors
ventilated v>0 windy
stationary d(;";s = d? = (0 and T35 = T; | the system’s physical state is constant in time

Surface Short-Wave Albedo o

Determining the short-wave albedo of a flat extensive horizontal area is possible by relating
the incoming and reflected short-wave radiation, e.g. with pyranometer measurements (Payne
1972, sea surface albedo). Unfortunately, the outdoor module’s short-wave radiation receiving
surface is neither flat, nor horizontal, nor large. Instead it is cylindrical and with less than
1dm? of area also rather small. For this reason, as pyranometers can only be used reliably
for hemispherical measurements, they are an inappropriate choice in this case. The common
methods for determining the albedo of a surface thus cannot be applied to the outdoor module
and an alternative technique has to be used.

Standard digital cameras’ CCD sensors are basically arrays of light-sensitive electrical compo-
nents. Therefore they can also be used to estimate short-wave radiation, either over the whole
image or even single spots (Rossini and Krenzinger 2007; Chauvin et al. 2015; Kurtz and Kleissl
2017). This can be used to overcome the mentioned spot-measuring limitations of pyranome-
ters: with a digital camera, the brightness (i.e. the reflected irradiance) of a specific point can be
proxied qualitatively using the monochrome pixel luminance value (ITU Radiocommunication
Assembly 1995; Watson et al. 2001). To estimate the cover albedo «g, the method introduced
by Gilchrist (2011) is extended slightly. The outdoor module is placed alongside two materials
that have well-known ‘extreme’ albedos and a picture is taken, preferably with a bright light (e.g.
sunlight) shining from behind. The brightnesses of the known materials can then be used to
interpolate the cover’s surface albedo ag over its own luminance value.

The two albedo references used here are a hole to a black hollow body (a = 0) and white office
paper (a =~ 0.65, Gilchrist 2011) as shown in Figure 4.1. The experiment was conducted indoors
with moderate incoming sunlight. For the cover surface, this experiment yielded an albedo
of ag = 0.50. Undeniably, the outdoor module’s cylindrical shape raises issues with this method
because the incoming light is reflected into different directions as clearly visible in the image.
To address this, only the brightest region of the cover surface was taken into account for the
albedo interpolation because this is the region where the effective incoming light beam hits the
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hole region (a & 0.00)
paper region (a ~ 0.65)
Netatmo region (o = 0.50)

204.5

Figure 4.1: Albedo determination experiment. The outdoor module was placed alongside office
paper (albedo « ~ 0.65) and a hole to a black hollow body (albedo a = 0.0). The numbers
indicate the mean luminance value (0 < L < 255) in the box region used to interpolate the
cover’s albedo (ag =~ 0.50).

Surface Long-Wave Emissivity &

The emissivity € of a surface is defined as the ratio of its emitted radiation intensity to the
corresponding blackbody radiation (cf. text books like Wallace and Hobbs 2006). The intrinsic
dependency on wavelength is neglected here for simplicity.

Using a device measuring radiation temperature Ty,q with a fixed emissivity setting (in use for
this experiment: HEITRONICS KT19 radiation pyrometer (KT19), e,aq = 1), the cover surface’s
emissivity can be determined based on a radiation intensity balance. The device receives radi-
ation of two sources, on the one hand the emitted radiation from the cover itself and on the
other hand the reflected radiation originating from the surrounding room walls and furniture.
Assuming that the room temperature T, is equal to the air temperature T, and the interior walls
all have a homogeneous emissivity, the total incoming long-wave radiation can be parametrised
as the room’s blackbody radiation because all of the reflected room radiation accumulates even-
tually:

DNy, =0T} =0T} (4.2)

The balance can then be formulated according to the STEFAN-BOLTZMANN-law:

erad 0 Ty =eso T+ (1 — &) o T2 (4.3)
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Rearranging yields the relationship to determine the cover’s emissivity eg:

craq TA, — T2
Eg = —aTS‘lriiTafl a (44)

The maximum error in the emissivity can then be estimated based on the input quantities’
maximum errors AT admax, AT smax and ATy .. assuming that T, < Tyaq < Ty

Oe Oe Oe
AZ":smax = ‘8Ter — Ajjradmax + ‘BTi - ATISmax + TTZ - Ajﬁamax
(4.5)
4 —3 _ =3 .\ 73
= W [ATradmax Erad Trad + ATSmax €s Ts + ATamax (1 - 5s> Ta 3
s — La

where g5 denotes the emissivity according to Equation 4.4 but calculated with average values. The
denominator in Equation 4.4 implies that this formula can only be applied if there is a significant
difference in cover surface temperature Ty and air temperature 7,. Furthermore Equation 4.5
shows that the error is decreased in this case. Hence, all outdoor modules are heated up in the
climate chamber until a stationary temperature reading Ty, is achieved. Taken out of the climate
chamber, the outdoor modules are then immediately arranged in a wall-like setup to make sure
that the KT19 receives the full radiation intensity (Figure 4.2a). The effective temperature of
this cover-wall can then be estimated by their mean readings: T, = T}, while the indoor modules
residing in the same room provide air temperature Tj.

Having heated up the outdoor modules to around Ty, ~ 46 °C, an emissivity of 5 ~ 0.778 is
obtained. To estimate the error of this result, the uncertainties are assumed to have magnitudes
of AT admax = 2K, ATipmax = 0.50K and AT, . = 2K. This yields a maximum relative error
of Asmax ~ 13 %,

Internal Conductivity A

Unfortunately, there is no trivial way of determining the internal conductivity A without knowing
several other parameters because no scenario (Table 4.1) connects it solely to the already-
determined ones (hy, dm, €s and «g). Hence, the effective internal conductivity has to be esti-
mated. This can be done by calculating a weighted sum of the different materials’ conductivities
present in the module, i.e. air (= 0.025 Wm~! K=!, Weast 1981) and plastic (= 0.25 Wm ' K1,
Speight et al. 2005). As mentioned before, the cover has direct contact to the sensor unit on
its fastening ring. So the sensor unit plastic’s conductivity presumably has greater share in the
internal conductivity than the air’s. Thus, the internal conductivity is arbitrarily chosen to
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(b)

Figure 4.2: Emissivity (a) and effective cover and sensor unit heat capacity determination
experiment setup (b). In both experiments the Netatmo outdoor modules were heated up in the
climate chamber and the cover surface’s radiation temperature was measured with a KT19. The
room temperature was measured with a HMP (white vertical staff in the background).

Effective Cover Heat Capacity C;

To determine the effective cover heat capacity, a dry, dark and calm scenario is useful. Equa-
tion 3.14 then reduces to

Cs dT A

4
o o oTr tely,  —— (I,-T) . (4.6)
AS dt N—_—— —— dm
—— long-wave out  long-wave in
cover thermal internal heat conduction
inertia

The total incoming long-wave radiation I}y, can be again parametrised by means of air tem-
perature (Equation 4.2), simplifying Equation 4.6 to

Cy dT, — A

=5 =e0 (T =T —— (Is—-T;) . 4.

As dt €O ( a S) dm ( ) ( 7)
N radiation budget M

cover thermal internal heat conduction

inertia

This leaves only the long-wave radiation budget, the cover’s thermal inertia and the internal
heat conduction, all of which are quantifiable as the needed parameters are determined by now.
To determine the effective cover heat capacity Cs, all outdoor modules were heated up in the
climate chamber. When the reading became stationary, each outdoor module was placed on
a desk to measure the decay in surface radiation temperature Ty.q (KT19), along with the
module temperature Ty, = 73 (Equation 3.3) and the surrounding air temperature 7, (HMP) as
seen in Figure 4.2b. To convert the measured surface radiation temperature 7;,q to the surface
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temperature T, Equation 4.3 can be rearranged:

T, = (‘/ e g _5(1 —e) T (4.8)
S

Discretizing the surface temperature tendency d;} enables the determination of the cover heat

capacity Cs by an offset-less linear regression of the surface energy budget over the surface

temperature tendency:

AT, A
S [esa (T -T) - a (T = 1) (49)
tomSne sutace nergy budget
tendency

The gain of this fit is then equal to the effective cover heat capacity. As the KT19 has a high
temporal resolution (At = 1s, as opposed to the minutely outdoor module data), the readings
were smoothed with a moving 120 s-window to reduce the noise in the KT19 temperature reading.
The regression results can be seen in Figure 4.3.

Pure aluminium has a specific heat capacity of around 900JK~!kg=! (Weast 1981). Thus,
if the cover consisted of aluminium only, its actual heat capacity would be 73.62JK™!, tak-
ing its whole weight into account (Table 2.1). This is well in line with the mean experimental
result of Cy ~ 49.33J K~ 4+ 3%. The effective cover heat capacity is lower because - deviat-
ing from simplification Table 3.11 - the temperature sensor is in fact quite near to one cover
spot (Figure 2.2). Therefore, the actual cover mass directly involved in the heat exchange with
the sensor unit is lower than the whole cover’s mass.

Effective Sensor Unit Heat Capacity C,,

Analogously to the effective cover heat capacity, the effective sensor unit heat capacity Cy, can
be estimated based on the same experiment, but discretizing the sensor unit energy balance
Equation 3.15 instead:

AT; A
Cm - = A2 (Ty-T) (4.10)
At dm
~ ——
sensor unit internal heat transfer
temperature
tendency

Again, the gain of an offset-less linear regression of the internal heat transfer over the sensor unit
temperature tendency can then be used as an estimate of the effective sensor unit heat capa-
city Cp, (Figure 4.4). For this analysis the readings were smoothed with a 300 s-window to reduce
the KT19 noise even further. It turns out that the regression for the sensor unit heat capacity
has a significantly larger relative uncertainty (Cy, = 24.49 J K~'4+18 %). This is a consequence of
the internal heat transfer being one order of magnitude smaller than the surface energy budget.
Therefore, Equation 4.10 is more prone to measurement uncertainties than Equation 4.9. Non-
etheless it is realistic that the effective sensor unit heat capacity is smaller than the cover heat
capacity (Cp, < Cs) due to the component’s different masses.
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Figure 4.3: Offset-less linear regression of the surface energy budget over the cover surface tem-
perature tendency. The gain is an estimate of the effective cover heat capacity Cs ~ 49.33 + 3 %.

Bulk Transfer Coefficient 7

The bulk transfer coefficient 1 can be determined when allowing for a ventilated scenario. Along
with dry and dark conditions, Equation 3.14 reduces to:

Cs dTy A
4
— = —go0l, +esliw, —pacp(Ty—Ta) no —— (Ts = T)) (4.11)
AS dt N—_—— —— 4 dm
S—— long-wave out  long-wave in sensible heat flux . .
cover thermal internal heat conduction
inertia

Once more, the total incoming long-wave radiation is parametrised in terms of room temperat-
ure T, (Equation 4.2). This simplifies Equation 4.11 to

Cs dT

=== o (TP-TH +=(Ts-T) = —pacy(Ts—To) nv (4.12)
A, dt o s

— radiation budget sensible heat flux

thernﬁgﬁner tin internal heat conduction

which relates the cover’s energy budget (left-hand side) to the sensible heat flux (right-hand
side) containing the parameter 7 of interest. To quantify this relationship, an experimental
setup is required that allows for exposing the outdoor module to wind of different temper-
atures (7T,) and velocities (v) while also observing its exact surface temperature Ty. In this
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Figure 4.4: Offset-less linear regression of the internal heat transfer over the sensor unit
temperature tendency. The gain is an estimate of the effective sensor unit heat capa-
city Oy ~ 2449 JK~1 + 18 %.

experimental setting, three standard hair-dryers were used to create the wind (Figure 4.5).
Switching one or more hair-dryers at varying intensities easily makes a range of different wind
velocity /air temperature combinations possible. Wind velocity v was measured with a KAINDL
ELECTRONIC Windmaster 2, cover surface temperature T with the KT19 and the wind’s air tem-
perature T, with the HMP (Figure 4.5b). For the room temperature 75, the indoor modules’ tem-
perature measurement was used. The dry air density p, can be derived from the indoor modules’
pressure reading p and the air temperature in immediate proximity of the cover T, applying the
ideal gas law:

p
0n = 4.13
@ Rd 1—1347 ( )

with Rq = 287 Jkg ' K~! (Wallace and Hobbs 2006) denoting the specific gas constant of dry
air. To align the measurements and remove noise the readings were smoothed with a mov-
ing 120 s-window.

Theoretically, the bulk transfer coefficient 1 should then be determinable analogously to the heat
capacities by an offset-less linear regression of the cover’s energy budget over the parameter-
less part of the sensible heat flux. However, Figure 4.6 reveals that for higher-temperature
winds (devices BETA and ZETA) the cover’s energy budget (the left-hand side of Equation 4.12) is
obviously unclosed as the slope of the data still suggests an energy excess even when the sen-
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(a) (b)

Figure 4.5: Setup of the bulk transfer coefficient experiment. (a) Three hair-dryers were used
to simulate wind of different temperatures and velocities. (b) Detailed view - white staff: HMP,
right-hand side: KT19, bottom: Windmaster, center: outdoor module

sible heat flux vanishes. So evidently the sensible heat flux parametrisation (Equation 3.9) is
lacking another additive term that is proportional to the air temperature 7T, and independent
of the wind velocity v. This is a consequence of neglecting sensible and latent heat fluxes
under calm conditions (Table 3.1VIII). Nonetheless, the gain of the regression still gives an
estimate of the wind-induced bulk transfer coefficient consistent with the used parametrisa-
tion: n ~ 0.0134 + 15 %. This coincides with common values for the bulk transfer coefficient of
the earth’s surface (0.001 to 0.005 under neutral conditions, but up to three times as large under
turbulence, Wallace and Hobbs 2006).

The final parameter values resulting from condensing the equations are listed in Table 4.2.

4.2 Optimization

All of the previous calibration steps only include specific parts of the model equations. As seen
above in the calibration of the bulk transfer parameter 7, this can lead to overall inconsistencies.
For fine-tuning the calibration results while incorporating the whole model instead of just par-
ticular portions of it, an optimization will be performed. The general aim of an optimization is
to determine the input of a system needed to obtain a specific desired outcome. A wide range of
numerical optimization techniques is available (see e.g. Nocedal and Wright 2000) essentially de-
signed to minimize an arbitrary function. If this function is configured as the difference between
a system’s output and the desired output, the optimization effectively yields the corresponding
system’s input. Especially if the system is heavily non-linear an optimization can be a viable
method of inversion (Chapter 7).

Applied to fine-tuning the model calibration, the optimization concept is depicted schematically
in Figure 4.7. Having initially estimated the parameters and using the forcing of a previously con-
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Figure 4.6: Offset-less linear regression of the raw sensible heat flux over the surface energy
budget. The gain is an estimate of the bulk transfer coefficient 1 =~ 0.0134 4+ 15 %.

ducted experiment, the outdoor module temperatures Ty and 7; are simulated with the model.
The results are then compared to the real temperature measurements. According to the optimi-
zation algorithm another estimate for the parameters is then assumed to repeat the procedure
until the simulated temperatures match the measured temperatures best. In this study, the
SciPy (Jones et al. 2001) implementation of the L-BFGS-B bound-constrained optimization al-
gorithm introduced by Byrd et al. (1995) and Zhu et al. (1997) was used because of its robustness
and handling of bounded input.

As in the bulk transfer coefficient experiment enough necessary data is available for precise re-
simulation, the outdoor module’s readings from that experiment are now used as the reference
state and the forcing during that experiment is adopted for the upcoming simulation. As a
first parameter guess, the previously determined values are taken from Table 4.2. To assess the
resemblance of modelled and reference state, the average root mean squared error (RMSE) of
both simulated and measured temperature time series in Ty and Tj respectively is used. The
albedo ag and the emissivity €5 are left unchanged as the measurements didn’t provide data
accurate enough for their quantification. Furthermore, an upper constraint of n < 0.1 was
defined for stability reasons.

In the bulk transfer coefficient experiment (Figure 4.6) the devices GAMMA and DELTA were best
in line with the model equations. This also shows in the optimization results (Figure 4.8). In
contrast to the simulation with the unoptimized parameters, the RMSE between simulated
and measured temperature time series has decreased substantially through the optimization.
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Table 4.2: Calibration results by construing the equations

Parameter Value Uncertainty

hm 105.3 mm —

dm 45 mm —

Qg 0.50 —

€s 0.78 +13%

A 0.200Wm ' K! -

Cs 49.33 JK~1 +3%
Cm 24.49JK! +18 %

n 0.0134 +15%

However, the optimization for the devices BETA and ZETA (Figure 4.9), whose readings had a
significantly unclosed energy budget, is reaching its limit in credibility. The RMSE is still signifi-
cantly decreased and while especially the sensor unit temperature simulation matches its reading
counterpart very well, the simulated cover temperature is still strikingly off. The optimization
cannot balance the insufficient parametrisation. This is also expressed by the optimized bulk
transfer parameter being exactly at the upper constraint value of = 0.1. Thus, the optimization
for these devices is ignored.

Nevertheless, for the devices GAMMA and DELTA the optimization suggests a decreased bulk
transfer coefficient and a decreased internal conductivity. Therefore, they are further set to the
mean optimized values of n ~ 0.0051 and A ~ 0.082W K~'m~'. The optimization left the
heat capacities practically untouched which indicates that variations in the heat capacities have
smaller effects on the simulated temperature as the internal conductivity and the bulk transfer
parameter for this experiment. The final parameters after the optimization are listed in Table 4.3.
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{(d) optimized solution}
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6@&\06 [(b) modelled state}
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Figure 4.7: The concept of model optimization. All parameters and forcing of interest are
guessed (a) to determine the model output (b). Depending on a comparison of the modelled and
a reference state (c) the guess is improved and the process repeated until an optimum (d) is
reached.

Table 4.3: Calibration results after optimization

Parameter Value
hm 105.3 mm
dm 45 mm
Qg 0.50
€5 0.78
A 0.082Wm~tK~!
Cs 49.33J K1
Cm 24.53JK!
] 0.0051

. o)



CHAPTER 4. CALIBRATION 4.2. OPTIMIZATION

26 -
25 A
@)
o
E
o)
-
Z 24 1
—
)
2,
g
)
-
23 1 === measured cover temp. (KT19)
---- sim. cover temp. (unoptimized) RMSE ~ 0.24 K
— =+ sim. cover temp. (optimized) RMSE = 0.06 K
=== measured sensor temp. (Netatmo)
------ sim. sensor temp. (unoptimized) RMSE = 1.26 K
221 © sim. sensor temp. (optimized) RMSE = 0.04 K
T T T T T T T
0 200 400 600 800 1000 1200
time in seconds
(a)
28 -
27
& 26 -
o o
=
= -
@
5 25 1
2,
g
3 T
+ ‘0’
24 1 === measured cover temp. (KT19)
""" sim. cover temp. (unoptimized) RMSE ~ 0.18 K
== sim. cover temp. (optimized) RMSE ~ 0.05 K
=== measured sensor temp. (Netatmo)
284 ST sim. sensor temp. (unoptimized) RMSE ~ 1.33 K
— = sim. sensor temp. (optimized) RMSE = 0.06 K

200 300 400 500 600
time in seconds

(b)

o A
—_
o 4
o

Figure 4.8: Optimization results of the bulk transfer parameter experiment data,
(a) Device GAMMA: Cy ~49.33J K™, Cp, ~ 24.52J K™, A~ 0.077Wm~ ' K~!, 5 ~ 0.0056,
(b) Device DELTA: Cs ~ 49.33J K™, Cp, ~ 24.53J K1, A~ 0.086 Wm 1 K1, 5 ~ 0.0047
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Figure 4.9: Optimization results of the bulk transfer parameter experiment data,
(a) Device ZETA: Cs ~ 49.33J K™, Cpp, ~ 24.58 JK™1, A ~ 0.082Wm 1 K1, n ~ 0.1000,
(b) Device BETA: Cs ~ 49.33J K1, Cp, = 24.56 JK—1, A ~ 0.069 Wm~ 'K~ n ~ 0.1000
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Chapter 5

Implications

With the calibrated parameters determined in Chapter 4, it is possible to simulate the mea-
surement of a Netatmo outdoor module under given environmental conditions. In the following,
the readings of a Netatmo outdoor module are simulated at the Wettermast Hamburg mea-
surement site and discussed with a focus on examining whether the Netatmo outdoor module
really measures the surrounding air temperature. Furthermore, to investigate the influence of the
outdoor module’s construction on its measurement, scenarios modifying the outdoor module’s
material properties in the model are introduced and compared to the unmodified simulation.

5.1 Model Setup and Forcing

The Wettermast Hamburg measurement site (Briimmer et al. 2012) is a 280 m high broadcasting
tower equipped with meteorological measurement devices in several heights. For the simulations,
the readings in 2 m height above ground of the secondary mast were used as forcing for the model.
This 12 m-high mast is located on a meadow in 170 m distance to the main tower. A two-year
dataset ranging from 4 January, 2016 to 12" February, 2018 was used.

The site provides measurements of the forcing needed by the model as listed in Table 3.2c: global
sky long-wave radiation Iy ky, global short-wave radiation Iy, wind velocity v, air tempera-
ture T, ground surface temperature Ty (KT19), pressure p and relative humidity RH. The air
density p, and the specific humidity g, were derived from the other values.

To parametrise the cover’s wet area coverage aet, the infrared precipitation detection signal was
used. If any precipitation was detected, the cover’s wet area coverage was assumed to increase
gradually over 10 minutes to the maximum amount of water it can hold . This maximum amount
was set to 10 % based on empirical attempts to moisturise the outdoor module’s surface. After the
precipitation stopped, the cover’s wet area coverage stays at its maximum for another 10 minutes,
then decreases linearly to 0% over 30 minutes.

The following simulations are intended to illustrate and examine what a Netatmo outdoor mod-
ule would measure at the secondary Wettermast HH mast. As this site is very exposed, the
simulation results cannot be transferred directly to real outdoor module measurements in urban
areas. Nevertheless, the fundamental measurement characteristics can still be investigated.

5.2 Reference Simulation

The reference simulation was conducted with the original parameters listed in Table 4.3. The
results for three exemplary weeks are shown alongside wind velocity and radiation input in
Figure 5.1 (early spring), Figure 5.2 (summer) and Figure 5.3 (winter).

Several model properties are standing out. First, the influence of the short-wave radiation is
clearly visible. During periods with high short-wave input (e.g. in summer, Figure 5.2) the
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simulated outdoor module temperature is up to 5 K warmer than the forcing air temperature.
This effect is increased at lower wind speeds (compare e.g. the last two days in Figure 5.1), which
is well in line with the common perception of a temperature sensor that is exposed to direct
sunlight.

Conversely, when the solar radiation vanishes in the night, the model predicts temperature
drops of similar amplitude, especially under calm conditions as seen in Figure 5.2. As in calm
and dry nights only the radiation budget remains, the simulated temperature drops below the air
temperature. This drop is significantly dependent on the long-wave input as clearly noticeable in
several nights in Figure 5.1 and Figure 5.2. Moreover, the dependency of the sensible heat flux on
the wind velocity is distinctly observable in the night between the first two days in Figure 5.2. In
this night the radiative forcing is constant but the wind velocity increases gradually. Although
the air temperature diminishes, the simulated outdoor module temperature still increases due
to the stronger influence of the sensible heat flux at higher wind speeds. However, part of
this effect being so distinct is a consequence of neglecting the sensible heat flux under calm
conditions (Table 3.1VIII) which effectively decouples the outdoor module from the surrounding
air in situations with low wind speeds.

For the exemplary week in winter presented in Figure 5.3, the outdoor module temperature
simulation is significantly better in line with the surrounding air temperature than for the other
exemplary weeks. This is due to the lower amount of short-wave radiation and the generally
smaller temperature variations during the winter season.

Altogether, this reference simulation exhibits an RMSE of 1.77 K between air temperature and
simulated outdoor module temperature over the whole two-year time range (Figure 5.4a). A
robust linear regression to minimize the effect of outliers (Huber 1964) reveals that the sim-
ulated outdoor module overestimates warmer air temperatures and underestimates colder air
temperatures. Interestingly, the simulated outdoor module temperature follows the ground sur-
face temperature closer than the air temperature. This is confirmed by a 33 % lower RMSE
between simulated outdoor module temperature and ground surface temperature compared to
air temperature (Figure 5.4). Furthermore, with an RMSE of under 1K and an increased correl-
ation of 99.5 %, the average of air and ground surface temperature is a better predictor for the
simulated outdoor module temperature than either one of these quantities. The reverse conclu-
sion of this finding is that instead of just air temperature, the temperature reading of an exposed
outdoor module sited on a meadow is rather a proxy for a combination of air and ground sur-
face temperature. Transferred to real Netatmo outdoor module measurements in urban areas
this follows that outdoor module readings are more a representation of both air temperature
and adjacent building blackbody temperature rather than just air temperature.

5.3 Influence of the Radiation Budget

To quantify the abovementioned strong influence of the radiation budget on the temperature
measurement, simulations disabling parts of the radiation budget were conducted. Setting the
albedo ag = 1 effectively disables the solar input by assuming a perfectly blank surface, mirroring
any short-wave radiation. Similarly, assuming an emissivity of &5 = 0 neglects both absorbed
and emitted long-wave radiation which should roughly be the case for an extensively polished
metal surface.

Assuming a full reflective cover without any radiation influence (as = 1 and &5 = 0), the

. o)




CHAPTER 5. IMPLICATIONS 5.3. INFLUENCE OF THE RADIATION BUDGET

T T T T T T T T
—— wind velocity (v)

simulated surface temperature (T%)

175 o d measured tomberature (T e .

simulated measured temperature (T},)

------ ground temperature (Ty)
15.0 f ===~ surrounding air temperature (T,)

12.5

10.0

7.5

[deg. C]

5.0

2.5

0.0

—25 """’l.’ ””””””””” | | . 1 [

——— total short-wave incoming radiation (SW;,)
total long-wave incoming radiation (LW,,,)

600 -

BOO

400

[W/m?]

200

100

Figure 5.1: Simulated Netatmo outdoor module temperature alongside Wettermast HH forcing
with original parameters (Table 4.3) during one spring week in 2017.
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Figure 5.2: Simulated Netatmo outdoor module temperature alongside Wettermast HH forcing
with original parameters (Table 4.3) during one summer week in 2017.
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Figure 5.3: Simulated Netatmo outdoor module temperature alongside Wettermast HH forcing
with original parameters (Table 4.3) during one winter week in 2016.
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span.

. QOO0



CHAPTER 5. IMPLICATIONS

5.3. INFLUENCE OF THE RADIATION BUDGET

2016-01-04T00:40:00 - 2018-02-12T13:50:00, 100 bins per axis, RMSE = 0.968, Rcorr = 0.995

T T T T T |
(T. + Ty)/2 = 0.9435 - T,,, +0.5335 (robust), weighted R? = 0.993
=== identity
O R
- 0.04

o

)

9}
=
A 20
%} ~ 0.03
&~

+ >
3

> A SR SR <
& 10

—g 0.02
<

s

&

[

[}

TN

o}

g 0.01

—10 . I i ] I ]

—10

simulated measured temperature

Figure 5.5: Simulated temperature vs.
perature with original parametrisation.

10 20 30
T [deg. C], Trn=9.700, Ty (sta)= 8.019

mean of Wettermast HH air and ground surface tem-

remaining physical processes influencing the outdoor module’s temperature measurement are
the cover’s and sensor unit’s thermal inertia, the sensible and the latent heat flux. The latent
heat flux has only very limited impact due to the coupling to the rather infrequent precipitation
events. Thus, the dominant remaining process is the thermal inertia which is driven by the sensi-
ble heat flux. The simulation of this scenario features a substantially smaller RMSE of 0.35 K to
the Wettermast HH air temperature (Figure 5.6a). This error is even in the order of magnitude
of the SHT20 sensor chip’s accuracy (Section 2.2) and constitutes only 20 % of the total RMSE
from the reference simulation in Figure 5.4a. Hence, the radiation budget definitely has the
greatest influence on this simulated outdoor module’s temperature measurement compared to
the other forcing. Since this result is so significant, this conclusion should also be applicable to

real Netatmo outdoor module measurements.

If the cover is simulated to only reflect all short-wave radiation but still absorb and emit
long-wave radiation (ag = 1), the outdoor module’s temperature output becomes significantly
colder (Figure 5.6b). The robust linear regression suggests a cold bias of 0.94 K to the forcing

air temperature, which can be explained

by the missing warming solar input. This also indicates

that for an exposed Netatmo outdoor module the short-wave radiation is the dominant driver

in air temperature overestimations.
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5.4 Influence of the Outdoor Module Size

Another interesting question is the dependency of the outdoor module’s temperature reading on
its size. The only quantities in the energy balance equations Equation 3.14 and Equation 3.15
dependent on the outdoor module dimensions Ay, and d,, are the areas A, and Ag as well as the

effective heat capacities Cs and Cy,. The incoming short-wave radiation term includes the ratio

of receiving and exposed surface area % However, even when scaling both dimensions with a

S

factor r (i.e. hy' = r hy and dy’ = r dyy,), this ratio stays the same:

A/ 72 dy b dm hm Ay
AT (d)? Ry - A (5:1)
s mr2 (9 +7rr2dm b, (%) 4+ T dm A s
scaled ratio original ratio

With the parametrisation in use, this indicates that scaling the outdoor module’s dimensions
equally doesn’t alter the influence of the short-wave radiation. The outdoor module’s volume,
however, is scaled with the third power of the scaling factor r:

A \ 2 A \ 2
Vm = hm7T <2rn> — Vm, = ’I"3 hm’ﬂ' <;’1> (52)

Assuming that the scaling keeps the overall cover and sensor unit density and material distribu-
tion constant, the heat capacities Cy and Cy, are modified according to the change in volume.
In conjunction with Equation 5.1 this follows that resizing the outdoor module while keeping
its aspect ratio constant effectively only scales the thermal inertia terms for both cover and
sensor unit with the scaling factor r:

A ar A a M oA e A ar

S TS S TS m 1—‘1 m 1—‘1
G d Codly .\ Cud Cun d 53)

According to this, an enlarged Netatmo outdoor module should simply have a greater time con-
stant and react more slowly to environmental forcing changes, while a demagnified outdoor module
should feature the opposite characteristics. A simulation of these scenarios for the same summer
week as in Figure 5.2 is shown in Figure 5.8 (r = 2) and Figure 5.9 (r = 0.5).

As expected, the enlarged scenario features a significantly smoother simulated outdoor module
temperature. Furthermore, compared to the reference simulation in Figure 5.2, the simulated
cover and sensor unit temperatures are more decoupled of each other. While the cover peaks
multiple times a day, the sensor unit has at most two daily maxima of lower amplitude. In
addition, the sensor unit’s lag relating to the cover temperature is evident. On the contrary, the
diminished scenario exhibits a much quicker response to any forcing variation. Both simulated
reservoir temperatures are greatly alike as well in this case. However, the diminished scenario
does not introduce fundamentally different features compared to the reference simulation.

The usual perception of air temperature probes is that a larger probe is generally more prone to
radiative forcing and thus yields less reliable temperature readings (e.g. for thermocouples, see
Campbell 1969). Interestingly, the results obtained from the simulations conducted in this sec-
tion suggest the exact opposite conclusion. The virtually enlarged Netatmo outdoor module
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exhibits a greater consistency to the Wettermast HH air temperature than the reference simu-
lation (0.26 K less RMSE between Figure 5.7a and Figure 5.4a) while the virtually diminished
outdoor module has a greater error compared to the reference simulation (0.11K increased
RMSE between Figure 5.7b and Figure 5.4a).

This initially counterintuitive finding can be explained with the significant difference in thermal
inertia between the Netatmo outdoor module and the probes examined by Campbell (1969),
which all had small time constants (7 < 2s). If the time constant, i.e. the thermal inertia, is
very low, the reading becomes stationary more quickly because the thermal inertia term is negli-
gibly small. On the contrary, probes with large thermal inertia react slower - the extreme example
being a probe with infinite heat capacity that effectively has a constant temperature reading
regardless of the forcing. The quality of an air temperature probe’s measurement, e.g. quantified
by the RMSE to the air temperature, depends heavily on both the probe’s thermal inertia defin-
ing its reaction time and on the forcing itself. For example in a setup where the air temperature
varies only moderately but the radiative forcing is still large, an infinitely slow probe would
probably yield a lower error than a faster probe due to its resilience to radiative forcing. This
effect is the reason for the conclusion that a virtually enlarged outdoor module yields simulated
readings closer to the Wettermast HH air temperature than a diminished one. Due to its in-
creased thermal inertia, the enlarged outdoor module does not reach the high amplitudes like
the diminished outdoor module. Nevertheless, there will be a critical scaling factor r > 2 above
which the enlarged outdoor module simulation will yield temperature readings that are less in
line with the forcing air temperature than the reference simulation.

Altogether it can be argued that the Netatmo outdoor module’s size definitely has an influence
on its measurement, but considering the large dimension scaling needed (r = 2) to provoke
a significant change in the characteristics, the conclusion is a rather small importance com-
pared to other effects like the radiation budget. However, for a completely exposed Netatmo
outdoor module, the dampening introduced by the greater thermal inertia when enlarging the
outdoor module has a slightly positive effect on the quality of the air temperature measurement.
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Figure 5.7: Wettermast HH air temperature vs. simulated Netatmo outdoor module temper-
ature for a Netatmo outdoor module twice (a) and half (b) the original size.
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Chapter 6

Conclusion

The present study assessed the temperature measurement process of the Netatmo outdoor mod-
ule citizen weather station. Both experimental and simulative approaches were applied to obtain
insights regarding the interpretation of a Netatmo outdoor module’s temperature reading.

It was asserted experimentally that in a tested range of 18 °C to 42 °C, the embedded SENSIRION
SHT20 temperature and humidity sensor chip is accurate to +£0.3K as stated in its specifi-
cation. A conspiciously large time constant of more than 20 minutes was determined for the
outdoor module in its normally assembled state under calm conditions. The time constant de-
creases to about 15minutes if the Netatmo outdoor module’s aluminium shell including the
plastic inlet is removed.

To investigate the outdoor module’s measurement characteristics quantitatively, a two-com-
ponent energy balance model was then introduced. This model describes the outdoor module’s
cover separately from its sensor unit and connects both via heat conduction. The cover is as-
sumed to be influenced by its radiation budget as well as sensible and latent heat fluxes. The
model was calibrated using the classical approach of condensing the model equations and deter-
mining the parameters based on experimental data. Fine-tuning of the parameters was achieved
by applying an optimization technique which improved the resimulation of the experimental
data significantly.

Simulations of an exposed Netatmo outdoor module at the Wettermast Hamburg measurement
site revealed several insights into its fundamental measurement characteristics. Generally, the
simulated Netatmo outdoor module overestimates warm temperatures and underestimates colder
temperatures. The overall RMSE between simulated outdoor module temperature and actual
air temperature proved to be 1.77K.

Above all, the short-wave radiation input stands out as the most significant cause of air temper-
ature overestimation. In addition, the total radiation budget including the incoming and emitted
long-wave radiation turned out to constitute the dominant driver of the simulated Netatmo out-
door module’s temperature measurement in general. From this it appears that the simulated
outdoor module rather measures a combination of both surrounding air and ground surface
temperature instead of air temperature only. As a conclusion, real Netatmo outdoor module
readings shouldn’t be interpreted directly as air temperature but rather as a proxy for both air
and surrounding building blackbody temperature in combination, e.g. a weighted average. The
share of the surrounding blackbody temperature in this average is suggested to decrease with
enhanced ventilation of the outdoor module.

Furthermore, simulations of Netatmo outdoor modules of different sizes were performed to assess
the influence of its reaction time on the quality of the temperature reading. The finding of these
simulations is that due to the increased resilience to strong forcing variations, a virtually enlarged
outdoor module’s reading is actually better in line with air temperature than a diminished one.
Still, the effects are small. Altogether, the influence of the outdoor module’s temporal lag on its
temperature measurement is marginal compared to the influence of the radiation budget.
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Chapter 7

Outlook

Several simplifying assumptions were made to keep the model at a reasonable level of com-
plexity (Table 3.1). But as each assumption neglects specific actualities, the model has certain
deficits, some of which were discussed above. This chapter elaborates on possible steps to improve
the overall model quality and proposes another interesting method of applying this model.

Calibration

First, the parameter calibration can be significantly improved by performing the parameter
optimization (Section 4.2) based on real measurements instead of experiments conducted under
laboratory conditions. For example, one or more Netatmo outdoor modules could be stationed
at a professionally maintained site like the Wettermast Hamburg measurement site that provides
measurements for all of the necessary forcing quantities (Table 3.2c).

Calm Bulk Transfer Parameter

As detected in Figure 4.6, neglecting the sensible and latent heat flux under calm conditions as
charted in Table 3.1VIII can cause an unclosed cover surface energy budget. This parametrisation
could be enhanced by introducing a calm bulk transfer parameter + that adds a sensible and
latent flux term for wind-less conditions. Equation 3.9 and Equation 3.12 would then change to:

Hy, = awet pa L (¢* (T3) — ¢a) As (v +1nv) (7.1)
Hg = pacp (Is — Ta) As (v +1v) (7.2)

A calm scenario (Table 4.1) then no longer neglects these heat fluxes. However, this conflicts
with the calibration methods applied to determine the heat capacities Cs and CY, (Section 4.1).
Hence, this improved parametrisation could be calibrated for example by an optimization.

Latent Heat Flux

The latent heat flux parametrisation in Equation 3.12 was not quantified experimentally. Al-
though the latent heat flux probably only has very limited influence on the overall cover energy
balance, an experimentally calibrated parametrisation is still better.
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Bottom Heat Flux

The assumption in Table 3.1VI states that the heat flux through the bottom plate is ignored.
As explained in Section 3.1, this is not ideal. As a first approximation for the temperature of the
placing surface, the surrounding air temperature 7, could be used. The sensible heat flux into
and from the placing surface could then be equally parametrised as the sensible heat flux to and
from the surrounding air, only without the wind dependency. This would also further dampen
the outdoor module’s temperature reading, which might fit real outdoor module readings more
adequately. Another option would be to parametrise the temperature of the placing surface in
terms of ground surface temperature 7.

Short-Wave Input

The short-wave receiving surface area A; is actually dependent on the sun’s altitude because of
the outdoor module’s cylindrical shape. As the sun’s altitude can easily be determined (Bretagnon
and Francou 1988) depending on the time of the day, the short-wave receiving surface area could
be parametrised using a simple cylinder geometry.

The incoming short-wave radiation parametrisation should also include a shadowing effect. To
simulate arbitrary Netatmo outdoor modules in urban areas, an approach could be to assume
that most outdoor modules in cities are placed on the balcony which in turn is most likely to
point south. With a dataset of building heights, a shadowing parametrisation could be derived.

Prognostic Equation for Wet Area Coverage

In Chapter 5, the cover’s wet area coverage awe; Was parametrised very rudimentary in terms
of a dichotomous precipitation detection signal. However, it is possible to develop a prognostic
equation for the surface’s wet area coverage awet based on the continuity of mass. The kin-
ematic moisture flux on the cover’s surface could be parametrised similarly to the latent heat
flux (Wallace and Hobbs 2006):

Fy =nv (gs — qa) As (7.3)

Adding the calm bulk transfer parameter ~ yields:

Fy=(v+nv) (¢ — ¢a) As (7.4)

Then, the maximum amount of liquid water that the cover can hold needs to be determined
experimentally, e.g. by moisturising the cover, wiping the water up and weighing it. The equation
for the continuity of mass would then consist of the moisture flux and a forcing term that

increases the mass of water in terms of precipitation.
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CHAPTER 7. OUTLOOK

Inverse Modelling

A very interesting case of model application is the method of inverse modelling (Figure 7.1). Sim-
ulating the Netatmo outdoor module’s temperature reading given the environmental forcing can
be termed as the concept of forward modelling. However, while this method is appropriate to
examine the characteristics of a system, it is not suitable to manipulate real Netatmo outdoor
module readings. Inverse modelling can be used to retrace the forcing from given outdoor module
readings. This is achieved by optimizing the forcing as explained in Figure 4.7 and defining the
reference state as the temperature measurement of an arbitrary outdoor module. In principle,
this inverse modelling technique could then be used to extract the ambient air temperature or
even the short-wave radiation that this outdoor module receives from its temperature reading.
Still, this requires the model to be precisely calibrated.

forward modelling

optimization
forcing &
real temperature measured temperature
parameters
optimization

inverse modelling by optimization

Figure 7.1: Inverse modelling concept
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