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Abstract

The escalating global threat of arboviral infections, influenced by climate-related hazards, empha-
sizes the pressing need to explore the relationship between climate change and mosquito-borne
viral outbreaks. The role of land use change is critical, significantly impacting the thermal and
humidity fluctuations, resulting in changing bird and mosquito habitats in the urban delta.

The impact of new water areas in South Holland on local weather through HARMONIE-Climate
(HCLIM) simulations is studied. The physics of surface-atmosphere interaction using the SUR-
FEX and FLake models are examined, and HCLIM hindcast outputs are validated against KNMI
and TU Delft weather stations located around Rotterdam, revealing an urban heat island effect.
Notably, during a heatwave, HCLIM overestimates temperature and underestimates specific hu-
midity, while on regular summer days, both variables are underestimated. Multiple existing land
use scenarios, assessed through Multi-Decision Criteria Analysis, lead to the selection of a poten-
tial water buffer east of Zoetermeer (20.1 km?). Technical modifications in HCLIM’s physiographic
data package ECOCLIMAP-SG and GlobalLakeDatabase are used for simulating new lakes or wet-
lands at this location on a 2.5 by 2.5 km grid from April 1, 2022, to October 1, 2022. Results highlight
clear temperature increases over new lakes, compared to agricultural land use, with a time-mean
local rise of 2.4 K for the surface temperature and 0.65 K for the atmospheric temperature. Spe-
cific humidity shows a time-mean increase of 1 g/kg. Nighttime positive sensible heat flux above
lakes contributes to constant air warming, while latent heat flux continuously moistens the air.
Studying the FLake model through a one-day simulation during a heatwave on August 12th, 2022,
emphasizes the critical need for a spin-up period, accounting for low-resolution mean climato-
logical initial values and further interpreting water column temperatures.

The study recommends future research extends simulations over multiple years with higher reso-
lution, including winter periods. Findings reveal large water bodies can unintentionally heighten
heat-humidity risks, potentially amplifying vector-borne viral outbreaks in developing blue-green
areas in South Holland. Emphasizing interdisciplinary research, this research highlights the im-
portance of thoughtful land use planning in policy and urban development to safeguard public
health amid changing environmental conditions.
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Introduction

1.1. Global climate change as a driver of viral outbreaks

One of the fast-expanding global health threats is the risk of arboviral infections (Weaver and
Reisen, 2010; Pierson and Diamond, 2020). Around 58% of infectious diseases affecting the global
population have been demonstrated to be in uenced by climate-related hazards (Mora et al.,
2022). Global pandemics are primarily due to the transport of viruses from animals to humans
(zoonotic transport), as seen with SARS, Coronavirus, Ebola, and HIV (Loh et al., 2015). Heat maps
predicting the relative risk distribution of zoonotic emerging infectious diseases (EID) events point
out that there is also a substantial risk in the Netherlands, as can be seenin gure 1.1 (Allen et al.,
2017). Risk distributions are dependent on humerous predictors, such as human and animal be-
havior, but also environmental developments. One of the key drivers of EID events is changes in
land use, which disrupts ecosystems (Morse, 1995; Wolfe et al., 2007; Murray and Daszak, 2013;
Allen et al., 2017).

Figure 1.1: A heat map illustrating the predicted distribution of relative risk for zoonotic emerging
infectious disease (EID) events. The map indicates the estimated risk at various locations, con-
sidering the in uence of reporting bias. The model output, which is weighted by population, is
utilized to provide a more accurate representation of the risk across different regions. Directly
adopted from Allen et al. (2017).



1.1. Global climate change as a driver of viral outbreaks

Studies not only reveal the growing threat by impact on global health risks but also great global
economy and security impacts resulting in potential economic liability of billions of dollars (Jones
etal., 2008; Romanello et al., 2023).

Therefore, an interest in the relationship between climate change and its effect on arboviral emer-
gence has grown over the past decade. Possible climatological drivers contributing to viral out-
breaks are increasing temperatures, changing precipitation patterns, and increasing frequency
and severity of extreme weather events, such as extreme drought followed by extreme precipita-
tion (Carlson et al., 2022; Baker et al., 2022). Also, climate change affects the salinization of inland
waters. This is caused by rising sea levels (0.3 - 1.2m increase by the end of the century), interact-
ing with increasing evaporation (due to higher solar radiation and warmer summers), subsidence
of soils (0.6 cm/year) and lower supply of fresh water in rivers in the summer (Koster et al., 2018;
KNMI, b, 2023).

Next to global climate change and salinization, the wide-scale land use changes are frequently
proven to have a signi cantimpact on the diurnal atmospheric temperature range and the water-
energy balance (Dai et al., 1999; Bounoua et al., 2002; Zhang et al., 2007; Sterling et al., 2013; Mah-
mood et al., 2014). Currently, land use change is evolving rapidly, due to human intervention lead-
ing to urbanization and deforestation (Kalnay and Cai, 2003; Angel et al., 2011), and will continue

to do so in the coming decades (Mahmood et al., 2010). In the Netherlands, the main land cover
changes entail the growth of agricultural and urbanized areas (Verburg et al., 2004). Small-scale
studies have been performed on the effects of land use change in The Netherlands, showing higher
precipitation levels both in summer and winter (Daniels et al., 2016; Boonekamp, 2023).

Mosquitoes can transmit vector-borne viruses, such as the West Nile Virus (WNV) and Usutu Virus
(USUV), which are often carried by the mosquito type  Culex pipiens. Climate change and ecolog-
ical developments are anticipated to increase the risk of viral outbreaks caused by mosquitoes,
highlighting the signi cance of predicting and preventing such outbreaks (Calzolari et al., 2012;
Daniels etal., 2016). This is because changing climatology leads to higher suitability for mosquitoes
with a vector potential, expanding its presence in Europe (lwamura et al., 2020; Colén-Gonzalez
et al., 2021; van Daalen et al., 2022; Liihrsen et al., 2023). In recent years, USUV (2016) and WNV
(2020) make their entrance to the Netherlands more often, leading to enzoonotic transmission
(Duijster et al., 2016; Rijks et al., 2016; Oude Munnink et al., 2020; Sikkema et al., 2020) and occa-
sionally human spill-over (Vlaskamp et al., 2020; Zaaijer et al., 2019). Ongoing climate change will
likely continue to alter vector-borne disease patterns, due to the susceptibility of mosquitoes to
thermal and humidity uctuations (Vogels et al., 2016; Rogers and Randolph, 2006; Brown et al.,
2023). These uctuations disturb the traits like mosquito growth rate, metabolic rate, lifespan, bit-

ing rate, and infection and transmission probabilities of vector-borne viruses (Vogels et al., 2017;
Brown et al., 2023). The temperature-trait relationships are incorporated in models, together mak-
ing up the reproduction number Rg. A larger value for Rg indicates a higher risk of disease estab-
lishment in a certain area (Vogels et al., 2017; Brown et al., 2023). An illustration of the thermal
relation to the reproductive number is provided in gure 1.2. Therefore it is necessary to set up
surveillance studies and project the risk of mosquito-borne diseases in Europe and within the
Netherlands (Farooqg et al., 2022).



1.1. Global climate change as a driver of viral outbreaks

Figure 1.2: An illustration of the thermal relation to the reproduction number Ro. A higher Ry
implies a greater risk of infectious disease establishment in a certain region. Here,  Tpyin Y417 °C,
Topt ¥428 °C and Tmax Y435 °C. Directly adopted from Brown et al. (2023).

Furthermore, mosquitoes interact with bird populations in their habitats, such as wetlands that
predominate the Dutch Delta. Policy planning scenarios indicate an increase of wetlands for cli-
mate mitigation (Kuiper et al., 2023). Together with changes in climatology, bird migration pat-
terns might alter. Overall, the anticipated changes in heat and humidity in the Netherlands in-
crease the risk of potential viral pandemic outbreaks. These emerging risks call for an interdisci-
plinary and cross-doctoral approach (biomedical, social, economic, environmental, political and
behavioral) to quantify and mitigate risk. This has led to several international collaboration con-
sortia, such as the Lancet Countdown, Infectious Disease decision-support tools and Alert systems
(IDAlert), and OneHealth Predicting Arboviruses Climate Tipping points (OneHealthPACT). Re-
cently, the interdisciplinary national research program Pandemic Disaster Research Centre (PDCP)
has been set up, to research various topics about preventing EID events and how to act during EID
events. One of the so-called Frontrunner projects is "Climate change and vector-borne virus out-
breaks", aiming to answer the question:

How will climate change, changes in water management, and increase in salinization and salt
intrusion in deltas affect mosquito and bird populations and their role in direct or indirect
transmission of zoonotic pathogens to humans?

A rami cation of the Frontrunner project and its work packages (WP) is provided in gure 1.3.

Within the work package climate change, salinization and land use change (WP1), it is necessary
to run simulations projecting these expectations and interventions. For this, HARMONIE-Climate
(HCLIM) will be used as a climate modeling tool, which is short for HIRLAM-ALADIN Research on
Mesoscale Operation NWP In EuroMED Climate. HARMONIE is a model con guration, based on
the AROME model operated by HIRLAM countries (all in Europe), and used by the KNMI to run
48-hour weather forecasts for national purposes (Bengtsson et al., 2017; Seity et al., 2010). Itis nec-
essary to gain knowledge on technically adapting the physiographic data les serving as input for a
climate model, such that land use change can be studied. For example, the establishment of water
buffer areas to store excessive precipitation. The primary objective of this research is to techni-
cally enable the study of land use change in the HCLIM model and examine the impact of land use

3



1.2. Research approach

Figure 1.3: An overview of the work packages (WP) within the Frontrunner project "Climate change
and vector-borne virus outbreaks". This study is conducted in the light of the WP1. Design by
Author, inspired by https://convergence.nl/

change scenarios on local weather patterns. As this research is conducted within the framework of
the Frontrunner project's Workpackage 1, the focus lies on land use changes in the form of creat-
ing new wetlands or lakes. Some studies have investigated lake-atmosphere interactions for large,
predominantly high-level lakes using datasets of observations, highlighting increases in tempera-
tures and humidity (Wang et al., 2019; Meng et al., 2023). Another study mimicking the creation
of blue areas for urban heat island mitigation, suggests the size and shape of the water bodies are
crucial for the impact on temperature, humidity levels, and horizontal wind speed (Ampatzidis

et al., 2023). However, no research has been conducted on the effects of creating new water areas
by changing the physiographic data maps using HARMONIE-Climate.

Therefore, the main question this study aims to answer is:
How will the development of new water areas in South Holland affect the local weather?

To further elaborate on the posed research question, the research approach is outlined below. Si-
multaneously, the outline of the thesis report is provided.

1.2. Research approach

To assess the impact of land use change on local weather, the land use cover les of a climate
model must be changed. The differences can be studied by comparing simulation results with
modi ed land use to a reference simulation. To this end, the climate model HCLIM is used. All
the relevant physics comprises an elaborate collection of Fortran subroutines. Therefore, an effort
must be made to understand the working mechanism of the HCLIM system, its relevant subrou-
tines, and physical parameterizations. Mainly parts of the model physics package relevant to the

4
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project, such as the physics of the surface-atmosphere interaction and the incorporation of the
physiographic data les, are studied. The surface-atmospheric interface is simulated with a sur-
face scheme named Surface Externalisée (SURFEX) and its sub-models for different surface types
(Masson et al., 2013). A description of the characteristics and physics of HCLIM, SURFEX, and
other relevant surface-atmospheric interaction models is provided in chapter 2. Furthermore, the
relevant governing equations and physical concepts are given.

In this study, the effects are studied through hindcasting, which means using historical weather
data to simulate and analyze past weather events. To validate whether HCLIM hindcast output is
biased within the Rotterdam Delta area, a study has been done by comparing the output of HCLIM
with eight weather stations placed by the Delft University of Technology and KNMI stations in the
city of Rotterdam and its near vicinity. This is done under different weather conditions and also
compared to data provided by the measuring tower at Cabauw, which is located in a rural area. The
second goal is to assess how the model predictions and observations in urban areas compare to
rural areas, and whether an urban heat island effect is observed. The heterogeneity of the weather
station observations is also relevant for the international IDAlert project, as they have expressed
their profound interest in the urban climate of Rotterdam. A similar study comparing observations
of TU Delft, KNMI, and Wunderbar weather stations during extreme heat and wind conditions has
been done, indicating that the location of placement plays a dominant role in the heterogeneity
between the observations (Damen, 2021). The method and results of this validation are presented
in chapter 3.

In chapter 4 we assess future scenarios through anticipated land use change, focusing on potential
water storage areas in South Holland. In the past years, numerous national and regional spatial de-
velopment scenarios have been developed, which indicate possible land use changes (ZUS et al.,
2022; Wolters et al., 2018; Kramer, 2023; Kuiper et al., 2023; CAS, 2023). Such scenarios present in-
formation on water management to mitigate the impacts of climate change-induced weather ex-
tremes, such as future risk of ooding and drought events, incorporating socio-economic factors.

In the Netherlands, where water management is critical, these water storage areas can play a cru-
cial role in creating a more climate-resilient and water-robust landscape. By conducting meetings
with scenario developers and assessing the scenarios using the Multi Decision Criteria Analysis
method, we provide input for the nal experimental set-up.

The case set-up is presented in chapter 5. To align the results with the interests of ornithologists,
entomologists, and virologists, a period of interest for the HCLIM simulations is depicted, in par-
ticular a selected period with weather conditions enhancing mosquito development, bird migra-
tion, and viral outbreaks. This will further be discussed in section 5.1. In addition, a procedural
framework is provided for technically altering the physiographic input les for the model, a follow-
up to the work presented in Boonekamp (2023) for studying land use changes on precipitation
levels with HCLIM. Finally, this chapter addresses the experimental con guration of the HCLIM
system and the associated data processing methodologies.

After this, simulations can be done for the entire case setup. Following this, the results will be
analyzed and compared, using variables such as surface and water temperature, speci ¢ humidity,
and wind speed. The results will be presented and discussed in chapter 6.

To summarize,

» Chapter 2 explores the working mechanism of HCLIM, SURFEX, its submodels and all rele-
vant physical concepts.

» Chapter 3 compares TU Delft and KNMI weather station data with HCLIM model results, to

5



1.2. Research approach

detect biases and urban-rural differences.

» Chapter 4 discusses possible future land use scenarios in South Holland and assesses them
with a Multi Decision Criteria Analysis.

» Chapter 5 describes the entire case set-up: weather conditions likely increasing mosquito-
borne viral outbreaks, the procedure to technically adapt the physiographic data les that
serve as input for land use cover in the HCLIM system, and all experimental con gurations
and data processing methodologies.

» Chapter 6 presents and discusses the results of the simulations.

From the results, we will draw conclusions based on the evident effects of land use change on
the local weather patterns, such as the modeled local rise of temperature and humidity above
water areas. The results will be used to further develop and extend the research of the Frontrunner
project of PDPC. Following this, recommendations are provided in chapter 7.



Surface physics in the HARMONIE-Climate
model

In this chapter, some key aspects of the models used in the present research, most notably the
surface and lake models, and the relevant physics behind them are discussed. In section 2.1, the
HARMONIE-Climate model (HCLIM) is outlined. Section 2.2 further explores the model covering
the surface-atmosphere processes. The work ow of the surface model embedded within HCLIM
is described in section 2.3. The embedded model for surface areas encompassing inland water is
described in section 2.4 and the way lake-related variables are initialized is discussed in section
2.5. Lastly, relevant physical principles at the surface-atmosphere interface are discussed in 2.6.

2.1. HARMONIE-Climate model

HCLIM is a regional climate modeling system based on the numerical weather prediction (NWP)
model HARMONIE (Bengtsson et al., 2017; Seity et al., 2010; BeluSi¢ et al., 2020). The ne spatial
and temporal resolution of HCLIM allows for deep convection-permitting modeling. This atmo-
spheric forecasting model nds its foundation in numerically solving a governing system of equa-
tions (Warner, 2012). These equations include the momentum equations for a spherical earth,
which are based on Newton's second law of motion. The thermodynamic energy or heat equations
take into account diabatic effects on temperature, such as the warming of air due to the absorption
of infrared radiation and the release of latent heat. The continuity equation for total mass speci es
that mass is conserved and the water vapor-speci ¢ humidity equation is a conservation equation
that applies solely to water vapor. Additionally, the ideal gas law relates temperature, pressure, and
density. The model is embedded in the European Centre for Medium-Range Weather Forecasts
(ECMWF) model, which routinely provides lateral boundary conditions through ERA5 re-analysis
results (ECMWEF, 2010).

HCLIM entails the whole script required for data assimilation, climate generation, lateral coupling,
forecasting, and postprocessing. The reference cycle cy43h currently used by the KNMI uses 65
levels in the vertical, with the model top at 10 hPa and the lowest level of 12 m. The default model
grid of HCLIM comprises a spatial resolution of 2.5 km by 2.5 km grid cells, with a model time step
of 75 s. The lowest grid cells of the atmospheric column are covered by different surface types,
such as water, town, and nature, all with their physical distinct properties. The model dynamics
and physics are therefore covered through extensive physical parametrization schemes and sub-
models embedded in HCLIM. The model physics can be subdivided into radiation, cloud micro-

7



2.2. SURFEX model

physics, turbulence, convection, and surface. The surface physics is solved through an external
module structured code called SURFEX, which can be embedded inside meteorological models
like HCLIM (Masson et al., 2013).

2.2. SURFEX model

In this section, we will discuss the SURFEX model and its underlying databases (subsections 2.2.1
and 2.2.2). As the goal is to evaluate the effect of changes in local land use and the entire HCLIM
model physics is too comprehensive, a focus lies on studying the processes close to the surface-
atmosphere interface. SURFEX composes various physical schemes for each type of land use to
simulate uxes between the surface and the atmosphere. To accurately estimate surface uxes
over a wide range of spatial resolutions and to account for heterogeneities in the grid box, a tiling
approach is used, which is visualized in gure 2.1. SURFEX has a grid mesh where the surface
is divided into several homogeneous tiles. Each tile receives the same atmospheric forcing from
the lowest model level and calculates its respective uxes. The uxes are then averaged over the
area in the atmospheric model grid box and returned to the atmosphere. There is no horizontal
transfer between the tiles. There are four types of surface tiles: sea/ocean, inland water, nature, or
urban/town.

Figure 2.1: A simpli ed illustration of the processes between HCLIM and the SURFEX model. De-
signed by author after SURFEX course material (CNRM, 2023).

2.2.1. The land cover database ECOCLIMAP

ECOCLIMAP is the CNRM (Centre National de Recherches Météorologiques) home-made global
database of land covers (CNRM, 2018). It describes the various surface types covering the Earth,
and associated parameters linked to land surface maps. Multiple iterations of the database have

been created (Faroux et al., 2013), with the second-generation variant, ECOCLIMAP-SG, currently
in use. One of the physiographic les ecosg_final_map.dir includes a map comprising 33 di-
verse cover types, and each grid point is assigned solely one type. The map features a horizontal
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spatial resolution of approximately 300 meters. As mentioned, the four primary categories include
sea, inland water, nature, and town, of which the latter two are comprised of 19 and 9 subtypes,
respectively. The 19 'natural’ functional subtypes include for example crops, wetlands, grasslands,
and forest types. A visualization of ecosg_final_map.dir for the Netherlands with its respective
cover types is displayed in gure 2.2.

Figure 2.2: An illustration of the ECOCLIMAP-SG binary cover map called ecosg_final_map.dir
for the Netherlands. A global 300m resolution grid is developed, where each cell is assigned a cover
type and explained in the color bar and the legend on the right (CNRM, 2018). The essential sur-
face parameters are supplied by SURFEX and other ECOCLIMAP-SG les, for example for de ning
the leaf area index and albedos. Number 1 corresponds to sea, number 2 and 3 to inland water,
numbers 4 until 23 to nature, and numbers 24 until 33 to town.

All vegetation types are distinguished by properties provided in physiographic data les, such as
assumed vegetation height ( HT), visible and near-infrared albedos ( ALBVISALBNIR and leaf-area
index (LAI) depending on its cover type provided by the cover map. These essential surface pa-
rameters are supplied in the physiographic data ( PGPstep.

Numerous surface schemes are available for selection. The current operational HCLIM model
default surface schemes include ISBA (Interaction Soil Biosphere Atmosphere) for the nature tiles
(Boone et al., 1999), SEAFLX for the seatiles, TEB (Town Energy Balance) for the town tile (Masson,
2000), and FLake for the inland water tile (Mironov et al., 2003).

2.2.2. The gridded GlobalLakeDatabase

The global gridded lake data set named GlobalLakeDatabase provides both meta-information on
the existence of lakes as well as the depth of lakes (Kourzeneva et al., 2012). The resolution is es-
tablished at 30 arcseconds, which is approximately equivalent to 1 kilometer. Two primary binary

les constitute the database: GlobalLakeStatus V3.0.dir and GlobalLakeDepth_V3.0.dir .
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