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Abstract

Understanding wind profiles in urban areas is vital for a range of applications including
urban planning and environmental science. This study aims to characterize the modification
of wind profiles in The Heat Square through anemometer observations, focusing on the in-
fluence of building morphology. Previous studies have endorsed methodologies that consider
building height variability, but our results suggest that rule-of-thumb morphometric methods
based on average building height o [er closer anemometric estimates in this specific urban set-
ting. Unfortunately, the lack of inertial sublayer (ISL) wind speed measurements constrains the
generalizability of our findings. Additionally, sub-optimal anemometer installation height poses
another limitation to the study. Despite these constraints, the results should serve as reason-
able estimates for modeling e [ants concerning heat flux and heat stress. The study strongly
recommends further research to address existing limitations, aiming to generate more reliable
field estimates, particularly for The Heat Square and The Green Village.



I  Acronyms

Acronym Translation
ABL Atmospheric Boundary Layer
ASL Atmospheric Surface Layer
ISL Inertial Sub-layer
ME Mean Error
MOST Monin-Obukhov Similarity Theory
PET Physiological Equivalent Temperature
RSL Roughness Sub-layer
SEB Surface Energy Balance
THS The Heat Square (central to the green village)
TGV The Green Village
TU Technische Universiteit (Delft)
UBL Urban Boundary Layer
UCL Urban Canopy Layer
UHI Urban Heat Island
UMEP Urban Multi-scale Environmental Predictor
TKE Turbulent Kinetic Energy
Ri¢ Richardson number

RI,

Richardson-bulk method




Il Variables, Constants and Symbology

Symbol Full Name Units
Q Surface Net All Wave Radiation W m ?
H Sensible Heat Flux Wm 2
L E Latent Heat Flux Wm 2
G Ground Heat Flux Wm 2
Zq4 Zero-Plane Displacement Height m
Zo Aerodynamic Roughness Length m
v Mean Virtual Potential Temperature K
u Friction Velocity m/s
von Karmén Constant Dimensionless
g Acceleration Due to Gravity m/s?
Temperature Scale K
Obukhov Length m
wo 0 Surface Virtual Potential Heat Flux Wm 2
Zo:h Roughness Length for Heat m
73 Lower Measurement Height m
he Average Height of the Canopy m
m:h:e Universal Function for MOST Dimensionless
Rif Richardson Number Dimensionless
TKE Turbulent Kinetic Energy m?2=g?
v Change in Virtual Potential Temperature K
z Height Dilerknce Between Two Wind Speed Sensors m
u Di[erence Between the Two Temporally Averaged Wind Speeds m/s
Ry Richardson-Bulk Method Dimensionless
Hav Average Roughness Element Height m
; Coe [cienhts in RT Methodology Dimensionless
p Plan Area Index Dimensionless
£ Frontal Area Index Dimensionless
Cob Building Drag Coe Lcieht Dimensionless
H Standard Deviation of Roughness Element Heights m
A Unsheltered Frontal Area of Building m?
At Total Area Under Consideration m?2
Hmax Maximum Roughness Element Height m
X Building Height Above Average, Relative to Hmax Dimensionless
a;b;c Coe Lcienhts in Kan zq Methodology Dimensionless
ai;bi;cy Coe [ciehts in Kan zy Methodology Dimensionless
Y Factor Allowing for Homogeneous Arrays in Kan Method Dimensionless
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Figure 1: Location of The Heat Square within The Green Village and Anemometer Locations.

1 Introduction

The human population increasingly inhabits urban areas. Rural to-urban population migration is
The trend towards urbanization is set to continue unabated, with global projections indicating that
the proportion of the population living in urban areas will rise from 54% in 2016 to 66% by 2050
(Kousis et al., 2021; Jiang and O’Neill, 2017). In the face of a changing climate, enhancing the
resilience of urban design to environmental challenges is not only a matter of public health and
well-being but also an imperative for policymakers and governing organizations. Although heat
stress has been identified as a significant public health risk a [edting both the young and the elderly,
the scientific community is still working to fully understand heat dynamics in urban settings and
formulate e [edtive mitigation strategies (Ye and Niyogi, 2022).

To address these challenges, The Green Village (TGV) at Technische Universiteit (TU) Delft
is at the forefront of research into resilient urban design. TGV is engaged in implementing and
rigorously monitoring various interventions aimed at bridging existing knowledge gaps and paving
the way for more climate-resilient urban environments (Pino, 2021a,b).

The Heat Square (THS), a central feature of The Green Village, serves as a real-world testing
ground for urban heat stress research (refer to figures 1, 3). Recently revamped in January 2023,
this "living laboratory" incorporates carefully planned modifications in morphology, materials, and
vegetation, all equipped with specialised monitoring instruments. The goal is to explore e [edtive



methods for mitigating heat stress in urban public areas.

Heat stress poses a significant issue for city-dwellers, largely due to the historical urban design
practices that have favoured "grey" spaces over green and blue spaces (i.e., areas with vegetation
and water features). Such an imbalance has led to cities filled with materials like concrete and
asphalt, with higher heat retention and lower permeability. These "'grey" areas not only contribute
to localised heat stress but also have a cumulative e [edt at the city level, intensifying the "Urban
Heat Island" (UHI) phenomenon (Shahfahad et al., 2021; Ayub et al., 2021).

Furthermore, the urban atmospheric conditions are notably complex, with irregular airflows and
pollution that can exacerbate heat stress. Polluted air can further increase thermal energy, compli-
cating the challenges associated with heat in an urban environment.

The complexity of urban surfaces plays a significant role in horizontal heat and momentum ad-
vection. The turbulent exchange of energy, mass, and momentum in the atmosphere is critical for
dissipation these variables (Coceal and Belcher, 2004). Specifically, the atmospheric boundary layer
(ABL), the troposphere’s lowermost section, is turbulent, influenced by diurnal heating and wind
flow (Wyngaard, 2010).

Within the ABL, the atmospheric surface layer (ASL), which constitutes approximately the low-
est 10% of the ABL, is a focal point for turbulence generation or suppression. This is driven by
the diurnal patterns of net radiation, resulting in steep gradients of various fluxes. Surface-induced
heating contributes to ABL destabilisation by stimulating buoyancy and vertical mixing. This pro-
cess is intrinsically tied to the vertical gradients of scalar quantities, which play a crucial role in
the dissipation of heat and mass. Thus, the e [edtive dispersal of heat and momentum is governed
mainly by these vertical scalar gradients.

The logarithmic wind law after Tennekes (1973) describes the vertical profile of momentum in a
neutral atmosphere:

Z Zq
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Estimating the aerodynamic parameters zo and z4 is a pivotal challenge in urban boundary layer
(UBL) research due to the highly heterogeneous and complex surface morphologies encountered.
These parameters are integral to the accurate computation of momentum and heat fluxes, as they
modulate wind shear at the surface (Kent et al., 2017; Barlow, 2014; Roth, 2000).

The phenomenon of surface irregularities, termed "roughness elements,” can manifest in both
natural forms like vegetation or as man-made features in urban settings. Within the atmospheric
boundary layer (ABL), there exists a specialised stratum known as the roughness sub-layer (RSL).
The RSL is characterised by highly varied flow dynamics influenced by the local geometry of the
surface. These roughness elements—whether they are natural formations like trees or artificial ones
like buildings—perturb the local airflow, causing wake e [edts that modify horizontal flows around
and above their structures.

The vertical extent of the RSL is generally between two and five times the average height of the



roughness elements H,y, as schematically outlined in figure 2 (Barlow, 2014). The layer starting
from the surface up to Hgy is termed the urban canopy layer (Oke and Cleugh, 1987; Christen,
2005). Turbulence generated by these roughness elements is a key factor aledting the dispersion of
heat and pollutants in urban spaces. Understanding the relationship between surface roughness and
the transport of momentum and heat is therefore crucial for UBL studies.
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Figure 2: A schematic subdivision of the ASL above urbanised landcover showing the urban canopy
layer (UCL) roughness sub-layer (RSL) and the inertial sub-layer (ISL) from Barlow (2014)

Estimation of aerodynamic parameters in the urban environment traditionally employs three
main methodologies: (i) reference-based, (ii) anemometric (micrometeorological), and (iii) mor-
phometric. Reference-based methods primarily leverage aerial photography and roughness element
data—both height and density—to provide initial estimates (Grimmond and Oke, 1999; Kent et al.,
2017). On the other hand, morphometric and anemometric methodologies take into account the
specific surface features of the study area, olering flexibility in dealing with varying wind speed,
direction, or atmospheric stability.

Morphometric approaches derive their estimates from the collective geometry and porosity of
upwind roughness elements. Grimmond and Oke (1999) noted in a review that the estimation of
aerodynamic parameters is fraught with uncertainties. This is largely due to the interaction between
wind direction and the geometry of buildings, resulting in a wide range of possible estimates. To
handle these issues, indices characterizing upwind areas are often developed, as discussed in the
methodologies section. Kent et al. (2017) compared several morphometric methodologies using the
UMEP tool and found that although morphometric estimates often diLerl from anemometric ones,
they tend to be more consistent when extrapolating wind profiles up to 200m.

In this study, we utilize both morphometric and anemometric methods to estimate the aerody-
namic parameters of The Heat Square (THS) situated in The Green Village. A crucial question
centers on the reliability and variability of morphometric methods, especially given their potential
advantages in cost and reproducibility over traditional methods. Particularly, we aim to investigate
these aspects over a small spatial footprint of approximately 20m. The primary goal is to conduct
an inter-method comparison within the area of THS to scrutinize spatial variability and method sen-



sitivities. The outcome of this study aims not only to o[eda range of parameter estimates specific
to THS but also to shed light on the associated uncertainties and sensitivities. General wind flow
characteristics within THS are also analyzed to inform future studies and recommendations.

Figure 3: Locations of monitoring stations with naming convention "z6-XXXXX" marked in red
within the context of The Heat Square.



2 Research Objectives

2.a Knowledge Gap

As of the time of writing, The Green Village has yet to conduct comprehensive studies on estimating
aerodynamic parameters, such as roughness and displacement heights, across The Heat Square. This
gap in knowledge is a critical impediment to accurately evaluating heat stress and the e [edtiveness
of various mitigation strategies. Moreover, the characteristics of wind flow within the area remain
poorly understood. Addressing these gaps is essential for any future work on heat flux modelling
and small-scale wind studies within The Green Village. This paper aims to fill these knowledge gaps
and serve as a foundational reference for such future research.

2.b Research Questions

1. "What are the general characteristics of wind modification across The Heat Square
in The Green Village?’

2. 'What differences are apparent between morphometric and anemometric mea-
sures of roughness and displacement in the heat square?’

3. 'What methodology produces the parameters that result in less error extrapolating
wind profiles?’



3 Background

The heat energy felt at the surface results primarily from solar radiation interacting with the Earth’s
surface and atmosphere. The energy balance of the surface is represented in equation 2 whereby the
available energy, surface net all wave radiation (Q ), at the surface that isn’t absorbed by the ground
(G) is equivalent to the energy available for the turbulent sensible heat flux (H) and turbulent latent
heat flux (LyE) (Oke and Cleugh, 1987) (units of Wm 2). The surface energy balance (SEB) is
presented below in equation 2:

Q =H+LE+G )

Sensible heat (H) is the heat energy contained in the air and is the portion of heat energy that
the observer feels in the absence of the phase change in water. The goal of heat-resilient urban
design to improve thermal comfort for pedestrians in urban public spaces. Modification of surface
composition by urbanisation (i.e. paving of soil or removal vegetation) increases the ratio of H to
L, E (the Bowen ratio), where water is less available for those phase changes to occur Christen (2005).

For the logarithmic wind law formula, both the zero-plane displacement height (z4) and the
roughness length (zp) are crucial for determining the momentum flux near the surface. When calcu-
lating turbulent fluxes of momentum, heat, or other scalars, the displacement height plays a role in
providing a more accurate estimate of the gradients involved. This is important because gradients
drive the fluxes; inaccurate representation of the wind or temperature profile can lead to errors in
flux estimation (Moene and van Dam, 2014)..

For example, in an urban environment with tall buildings, the displacement height can be sig-
nificant and not accounting for it may lead to underestimates of the momentum and heat fluxes at
street level, which can have consequences for air quality and thermal comfort assessments.

Zero plane displacement (zq) is introduced in the case of su [ciehtly dense roughness elements
such that the average canopy height in the locality is accounted for. It can be interpreted as the
height at which drag acts on canopy elements, meaning that the wind profile is described by similar-
ity theory at this altitude. From a fluid mechanics perspective z4 is equivalent to the displacement
thickness Bruin and Moore (1985).

The roughness length (zo) essentially describes the height at which the surface wind speed would
be zero if the wind speed’s vertical profile followed a logarithmic function. It is related to the friction
velocity (u ), and simpler models propose a direct proportionality between zy and u? (Charnock,
1955). In low to medium height and density urban settings like the one being studied, zq is expected
to fall within a range of 0.3 to 1.5 meters (Grimmond and Oke, 1999). First-order estimates of zq4
are typically approached by the rule of thumb (RT) expression %hc with h¢ being the average height
of the canopy and zp=h. on the order of 0.1. In practice, z4 in a dense urban setting can be on the
order of 8 10m (Grimmond and Oke, 1999).

The link between heat and momentum arises with Monin-Obukhov similarity theory (MOST)
Monin and Obukhov (1954). Similarity theory assumes similarity between two flows by matching
the vertical profiles of mean wind speed, temperature, and scalar concentrations to their respective
surface fluxes by introducing dimensionless gradients. This allows for the study of atmospheric flux-
gradient relationships for scalars relating to vertical observations of heat and momentum. MOST
relates dimensionless gradients to universal function m:ne of £, where L is the Obukhov length, a



measure of thermal stability in the boundary layer.

L= W ©)
gw s 9

The Monin-Obukhov length L (units: m), is a key parameter in MOST. The Monin-Obukhov
length is a measure of the height above the surface up to which buoyant forces are important in
generating turbulence, compared to shear forces from the mean flow.  is the mean virtual potential
temperature (units: K). Virtual potential temperature accounts for the e [edts of both moisture and
temperature on the air density.u is the friction velocity, a parameter representing the shear stress
at the surface and quantifying the momentum transferred from the atmosphere to the surface (units:
m=s). is the von Karman constant, a dimensionless constant that is approximately equal to 0.4.
g is the acceleration due to gravity (units: m/sz). w? 0 is the the surface virtual potential heat flux.

is the temperature scale, defined by = "L (units: K). If L is negative the atmosphere is

unstable, whereas positive values indicate a stable atmosphere.

In the RSL if we desire to compute fluxes, heat for example, using vertical gradients of momen-
tum, then we can iteratively solve for that flux in atmospheric scalars. With observations originating
from a single level, i.e. moving the lower (z1) reading to zero at the surface allows for an instrumen-
tally simple and appealing methodology for flux calculation but implies division by zero (appendix
additional equation 24). To overcome this issue the aerodynamic roughness length parameter (zo,
or zo:m indicating momentum) is created with the physical interpretation being the height above
the surface at which the surface value of the scalar occurs. The roughness length for heat (Zo.h) is
closely related but not the same because the momentum exchange is caused by pressure forces and
not molecular di[udion, as in the case of heat or temperature. The temperature profile, therefore,
requires a further extrapolation than the wind profile toward the surface to coincide with the surface
temperature



Figure 4: The Heat Square at TU Delft looking North with anemometers visible secured to metal
poles. The closest station to the observer in the image is z6-21086 and z6-20596 is visible in the
middle distance.



4 Materials and Methods

Primarily focused on wind modification and aerodynamic parameter estimation, we rely upon GIS
and sonic anemometer (sonic wind and temperature) measurements to analyse the urban wind field,
generate anemometric-derived parameters, and compare those to morphometric estimations.

4.a Software

Aside from those calculated using QGIS with the UMEP plugin morphometric algorithms described
in 4.f, numerical analysis is accomplished using custom scripting in Python with the packages Pan-
das, Matplotlib, Numpy and Scipy. Plotting is similarly accomplished using QGIS in-built layout
manager or Matplotlib and Geopandas. A GitHub repository with data processing and analysis code
is provided in the appendix section A. Data links are also provided for the GIS project and UMEP
outputs.

QGIS is an open-source geographic information system mapping software that enables interactive
access to spatial data and data management capabilities. UMEP is an open-source tool developed
by Lindberg et al. (2018) at Reading University, available as a QGIS plugin. The Python-based
tool is multi-functional and multi-scale for environmental prediction in the urban setting. We use
this tool within the QGIS GUI (graphical user interface) to acquire morphometric calculations of
aerodynamic parameters across The Heat Square.

The inputs for UMEP are digital elevation and digital surface models (DEM, DSM) using the
0.5m resolution AHN Nederland (2023). The software can provide estimates that are both isotropic
(all directions) and anisotropic (direction-dependent). The outputs are generated into text files that
are readable in Python for analysis.

4. b Data

The Green Village data processed herein are property of The Green Village and can be made avail-
able to those with the requisite permissions. Open data, such as those available via DAVIS weather
stations at TU Delft are openly provided in the repository (Delft, 2023). Other data relied upon
is derived from the Dutch government, the Actueel Hoogtebestand Nederland (AHN) digital eleva-
tion model (DEM) and digital surface models (DSM) provided at a resolution of 0:5m (Nederland,
2023). This data source, funded by the Dutch Government, collects laser altimetry from aircraft
and presents the data for download in the public domain.

The benefit of sonic anemometers over cup anemometers is the sampling frequency. The ATMOS-
22 sonic anemometers provide 15-minute average scalar measurements for temperature and two-
dimensional wind components, namely wind direction ( ) and wind speed (m=s) relating to temper-
ature readings and gust speed. The 15-minute average is a standard practice whereby time-averaged
windows longer than 30 minutes or more become increasingly al[edted by diurnal variations while
also being less susceptible to noise.

The available stations have many additional variables for the same period, recording soil heat
and moisture fluxes at varied depths. A summary of variables, coverage and frequency have been



included in the appendix data. See tables 6 to 9.

4.c Location

Generally, The Green Village is located on the TU Delft Campus in Delft, in the South of The
Netherlands. The surrounding area is a mix of residential, educational, sports and utility buildings.
The study area’s northwest (NW) and southeast (SE) are open vegetated areas. Moderately mature
trees exist to the southwest. Context on a neighborhood scale is best visualised in 9 further discus-
sion of roughness elements and building morphology are discussed in section 5.a.3 where roughness
elements in the morphometric search radius are analysed.

Five primary anemometers are located within The Heat Square at TGV, and are arranged at
equivalent heights ( 1:34m). Each station is comprised of multiple instruments attached to a
data logger. The two-dimensional locations are mapped in the most recent architectural drawing of
THS layout. Locations are indicated as red dots with the station number attached in figure 3. The
distance matrix computed between all points is presented in the appendix in table 9.

The square in this current layout has varied vegetation and paving surfaces installed in 2023,
so vegetated surfaces are generally bare soil until summer. The photo attached shows the level of
vegetation as of August 23"9 2023 4. The NE side of the square is planted with faster-growing
vegetation compared to the SW side. By the end of this study, the vegetation at the NE side has
changed by approximately 30 50cm underneath the anemometers on this side only—anemometers
on the SW side record over e [edtively bare soil for the whole period.

4.d Additional Installation

Vertical profiling of wind shear is required to estimate aerodynamic parameters when using two-
dimensional sonic anemometers. The established anemometer array is recording only at a single
height, so an additional installation is necessary to enable the anemometric methodology outlined
below in section 4.e.3. Two co-located anemometers are typically required to record for some time,
so su Lcieht time stamps with neutral conditions are encountered. Additionally, multiple estimates
per directional bin are required to estimate friction velocity and roughness length.

An ATMOS-22 anemometer was installed at a height of 207cm co-located with the Z6-20596
station. The location was decided to be desirable primarily because it was located furthest from any
building. The height of the additional recording was a limitation set by materials available in the
installation process. Ideally, a larger height di Cerence would be possible for larger, more detectable
shear and temperature measurement gradients.

Typically, a tower or other expensive wind profiling installations that collect estimates above
the canopy height. Time and money is a limitation to this short research project so we attempt to
gather some data from within the RSL, most probably the UCL and compare that to the GIS-based
morphometric estimations. Parameter estimation using logarithmic wind law in the UCL is not
typical and a clear contribution to uncertainty in this research.
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