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Abstract. The urban heat island (UHI) over Paris during 1 Introduction
summer 2006 was simulated using the Advanced Regional

Prediction System (ARPS) updated with a simple urban
parametrization at a horizontal resolution of 1 km. Two in-
tegrations were performed, one with the urban land cover o
Paris and another in which Paris was replaced by cropland
The focus is on a five-day clear-sky period, for which the
UHI intensity reaches its maximum. The diurnal evolution of

. X ) ban surface characteristics like increased thermal in€28a (
the UHI intensity was found to be adequately simulated for . . .
oo . . : o et al, 2008, a lowered vegetation cover and impervious land
this five day period. The maximum difference at nightin 2m

. r%:Bover which reduces the evapotranspiratiGmiihmond and
the urban heating is reproduced with a relative error of less ke, 1999, a different albedo, emissivity and aerodynamic

than 10%. The UHI has an ellipsoidal shape and stretchegharaCtenSt'CS due to presence of streets and buildings. To-

along the prevailing wind direction. The maximum UHI in- gether with the release of anthropogenic heat, this leads to

; the UHI effect reaching its maximum during the night. It
:rnesg% g]; t?{el (Ijitocc::(;rtsrea;nzdgigiossz:—rce:ocrztrigir?skgnur(ijr?wtnhels especially favoured by high solar irradiation (clear sky)
) y cen gely 9 during the preceding daytime period, no precipitation, low
whole night. An idealized one-column model study demon-_ . e -
. ) . wind speeds and stable stratification. Under these conditions,
strates that the nocturnal differential sensible heat flux, even o S
. . . . a large amount of solar radiation reaches the surface, which is
though much smaller than its daytime value, is mainly re-

. : 4 ) better transformed to heat, and subsequently retained as stor-
sponsible for the maximum UHI intensity. The reason for age heat@rimmond et al, 1999 for a longer time in urban
this nighttime maximum is that additional heat is only af- 9 ) 9

fecting a shallow layer of 150 m. An air uplift is explained areas compared to rural areas.

; . . . Accounting for the UHI is important when studying the
by the synoptic east wind and a ramp upwind of the city cen-
; . . . - effect of land-use change (e.g. forest to croplands, or vege-
tre, which leads to a considerable nocturnal adiabatic coolin

. . ion cover rban lan n clim n the m le an
over cropland. The idealized study demonstrates that the rg_ato cover to urban land) on climate on the mesoscale and

) ) ) ) . global scale or to test mitigation strategies (&gwler et al,
duced vertical adiabatic cooling over the city compared to . . . N
cropland induces an additional UHI build-up of 25%. The 201Q Dimoudj, 2003 Alexandri and Jong2007). In addi

. i : tion, the inclusion of urban effects can also serve to improve
UHI and its vertical extent is affected by the boundary-layer . ) Imp
. . L .7~ weather forecasts as showrHamdi et al(2012. In this re-
stability, nocturnal low-level jet as well as radiative cooling.

: . spect, itis indispensable to fully understand all the boundary-
Therefore, improvements of representing these boundaryl—ayer processes that contribute to the UHI

layer features in atmospheric models are important for UHI The aim of this paper is to investigate the dominant heat-

studies. ing terms that contribute to the maximum UHI intensity, and

Temperature tends to be higher in cities than in its nat-
Pral surroundings, especially during the nightdsberg
1981 Oke 1987 Arnfield, 2003. This is known as the
urban heat island (UHI) effect. Urban surfaces distinguish
themselves from their natural surroundings by particular ur-
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their interactions with boundary-layer processes and circuvection model (Sec8.4) for an in-depth analysis of the evo-
lations. Therefore, two model runs are performed with thelution of the boundary layer over the city during the night.
state-of-the-art atmospheric model ARP&i¢ et al, 200Q Hereby, the sensitivity of the nocturnal UHI build-up to the
2001 updated with a simple urban surface parametrization different boundary-layer processes and stability are investi-
The first run accounts for the current land use including thegated. Our conclusions are formulated in Sdct.
urbanization of Paris. For the second run, the urban land
cover is replaced by cropland. By looking at the differen-
tial output between the two runs, the impact of urbaniza-2 Method
tion on the surface energy balance, the consequential UHI
and its vertical extent are analysed. Even though the surfac.1 Mesoscale model description and set-up
energy balance of the urban surface and the consequential
boundary-layer UHI has already been addressed in earlieMeteorological fields are simulated using the Advanced
studies, such akemonsu and Masso(2002), their direct  Regional Prediction System (ARPS), a non-hydrostatic
interaction with the nocturnal boundary layer have not beenmesoscale atmospheric model developed at the University
investigated in detail. It is known that the mixed-layer height of Oklahoma Kue et al, 200Q 200J). The turbulent fluxes
is at least eight to ten times smaller during the night thanof momentum and sensible heat are calculated by account-
during the day so that urban heat release is mixed over a signg for stability effects and the roughness sublay@ar¢
nificantly smaller depthBohnenstengel et aR011). Yet, the  ratt, 1992). Therein, flux-profile relationships for wind speed
direct link between the urban surface heating and nocturnaand temperature frol@heng and Brutsae¢2009, Businger
increase in boundary-layer UHI intensity has not been inves{1966 or Dyer(1967, andDe Ridder(2010 are used. These
tigated. The interaction of urban surface heating with noctur-flux-profile functions are solved far = z/L iteratively ( is
nal boundary-layer stability, near-surface radiative cooling,the lowest model layer height above the displacement height
low-level circulations such as the low-level jet and the verti- andL the Obukhov Length) by establishing a relation involv-
cal motion induced by orography have not been addressed daag the bulk Richardson numbetig (Arya, 2001, and us-
well. Moreover, the representation of these boundary-layeiing Ridders(1979 root finding scheme as describeddress
features during the night remains a challenge in state-of-theet al. (1992. The land-surface scheme used in these simula-
art atmospheric models. It is not known to what extent theseions is that oDe Ridder and Schay€$997), which contains
uncertainties affect the representation of the UHI at that timeadvanced parametrizations of plant transpiration. Tempera-
In order to address these questions, an idealized advectioture and water content of the vegetation canopy and of five
model is developed in which a moving air column is advectedsoil layers are calculated using prognostic conservation equa-
over the city during the night. The model is used to study thetions, and water flow in the soil is calculated using Richard’s
underlying mechanisms that favour a maximum boundary-equation Garratf 1992. Soil moisture and temperature were
layer UHI build-up at night even though the urban surfaceinitialized using data from the Global Land Data Assimila-
heating is relatively low at that time. In addition, it is inves- tion System (GLDAS seRodell et al, 2009). For reasons of
tigated how the UHI extends in the vertical under nocturnalconsistency, the soil texture taken was the same as that used
boundary conditions. The idealized advection model also alin GLDAS. From the soil texture information that comes with
lows to determine the interaction of urban surface heatingthe GLDAS data, we estimated domain-mean fractions of
with boundary-layer features including orographical effects,clay, sand, and silt, with contributions of 25, 35, and 40%,
the low-level jet, radiation cooling and stability. Therefore, it respectively. The corresponding soil textural parameters of
provides insight to which extent uncertainties of the noctur-theClapp and Hornberg978 relations used in our model
nal boundary layer affects the representation of the UHI.  are based orCosby et al.(1984. It should be noted that,
The structure of the paper is as follows. The methodol-even though the soil moisture simulation is not directly rel-
ogy section consists of the description of the atmospherieevant to anthropogenic urban materials such as concrete and
model and its configuration (Se@.1) and the theoretical asphalt, it does influence the urban—rural temperature differ-
background of the idealized boundary-layer advection modeknce, which is the focus of this study, hence the care taken
(Sect.2.2). The results for a 5-day period for which the UHI here to properly simulate this quantity.
reaches its maximum are presented in S8ctlereby, we The land-surface scheme was extended to represent ur-
start with the evaluation of a reference run with the ARPSban surfaces as described Dremuzere et al(2008. The
model results and UHI intensity (Se&.1). Afterwards, the  main feature of that extension is the use difitinkevich
different contributions of urbanization to urban surface heat-(1970 thermal roughness length parametrization in urban
ing and their relative importance for the development of theareas, the thermal inertia which is assigned a value of
UHI intensity are investigated by analyzing the surface en-1800Jm2s /2K~1, and the inclusion of anthropogenic
ergy balance (SEB) in SecB.2 The spatial extent of the heating. The latter was specified afiamuzere et a(2008
maximum UHI intensity in the horizontal and vertical for for Marseille, though scaled up for Paris.Demuzere et al.
Paris are analysed in Se®@.3 We apply the idealized ad- (2008, the estimated anthropogenic heat flux for Marseille
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Fig. 1.Land-use types (left), terrain height (middle) and vegetation cover (right) of the Paris 1 km simulation domain. The different land-use
types are defined as water (0), urban (1), sub-urban (2), industrial (3), grass(4), crops (5), forest (6), snow/ice (7), shrubs (8). The rectangular
and the triangular box represent the locations of the urban (Paris-Montsouris, square) and rural (Melun, triangle) stations, respectively. The
star indicates the location of the radio soundings at Trappes. The line indicates the vertical transect along the prevailing east wind in the base
run used for the vertical profile analysis.

was found to vary between approximately 15 W4gnight) with vertical resolution starting at 25 m near the surface to
and 30 W n12 (day), with a linear transition between these approximately 1 km near the model top located at an altitude
two values during the morning and evening hours. The de-of 15km. The 1 km model domain chosen for the simulation
tailed time profile is shown in Fig. 10 ddbemuzere et al. is the larger area of Paris, as shown in Fig.The 16 km
(2008. The scaling up for Paris was achieved using ob-simulation was forced at its lateral boundaries by 6-hourly
served satellite-based anthropogenic light irradiance (visibleanalysis fields from the operational model of the European
nocturnal lights from space). As explainedMekar et al.  Centre for Medium Range Weather Forecasting (ECMWF),
(2006, such information can be related to the annual mearavailable at a spatial resolution of 02% latitude and lon-
anthropogenic heat flux. While for Marseille the estimated gitude.
annual mean anthropogenic heat amounts to 28.8" W/ for The model set-up and configuration is applied for the pe-
Paris this value reaches 59.6 W fn(seehttp://www.iiasa.  riod of the 1 to 13 June 2006 and is the same as from the
ac.at/Research/TNT/WEB/hegtlhe diurnal anthropogenic model configuration used iBarkar and De Riddgi2010.
heat flux over Paris were obtained applying this ratio of 2.07This run is hereafter referred to as the “base run”. The period
(=59.6/28.8) to that of Marseille. is characterized by calm weather, low wind speeds, limited

Aerodynamic roughness length, albedo, emissivity, andcloud and precipitation and strong temperature inversion dur-
the unconstrained stomatal resistance were specified as iag the night, which all favour the development of the urban
function of land-use type, which was interpolated from the heat island.
CORINE land-cover map (European Commission 1994), see Besides the base run, an additional scenario run is per-
Fig. 1. Terrain height was interpolated from the Global 30 formed during the same period for which the model set-up is
Arc Second Elevation dataset (GTOPO30) distributed by theexactly the same, except that the urban and sub-urban frac-
US Geological Survey. Sea-surface temperature was derivetions have been replaced by crops. For the concerned areas,
from MODIS thermal imagery. The vegetation abundanceobviously no NDVI satellite data is available, so the specifi-
was specified as a linear function of normalized differencecation of vegetation abundance is problematic. To tackle this
vegetation index (NDVI) values interpolated from satellite problem, an image-processing technique is used. The basic
imagery of the VEGETATION instrument onboard the SPOT idea is to determine vegetation abundance from a probabil-
satellite platform, following relations established Wittich ity distribution for crops that corresponds to the one from the
and Hansing1995 andGutman and Ignato{1998. current-day situation. Furthermorelae (1986 smoothing

The land-surface scheme employs the mosaic approachilter and a sharpening filtedéin 1989 are applied subse-
allowing different land-use types to co-exist within a surface quently to get a realistic map for the vegetation abundance.
grid cell. The surface energy balance is computed individu-More details of this data generation procedure can be found
ally for each land-use class, and the energy flux for each gridn Van Weverberg et a(2009.
cell is calculated as the weighted average. The urban heat island is estimated from the difference in

We employ a three-level one-way grid nesting at horizon-output between the two runs. We are interested in a time span
tal resolutions of 16, 4, 1km. Each of the nesting domainsof maximum urban surface heating, i.e. for meteorological
was run in a configuration of 100 by 100 grid cells in the conditions that favour a strong UHI effect. As the heat island
horizontal direction, and 35 levels in the vertical direction, intensity evolves from modest to high values over the course
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of the period during 1 to 13 June both in the observations as A
in the model results, a period is selected for which the overall
temperature difference between the base run and the scenari
run is the highest. These conditions occur during the seconc
half of the model run, namely during a 5-day period between

8 June and 13 June.

2.2 ldealized boundary-layer advection model =l

In order to get better insight in the development of the noc- B — d@/fy
turnal boundary-layer UHI, an idealized Lagrangian single- "“¢
column advection model is developed. Hereby, an air column
that moves along the prevailing east wind is considered. This
model takes into account the nocturnal surface sensible hea . (TTar

flux (w’6”)o, the initial boundary-layer profile upwind of the o = (w g /he) gt 0

city and vertical windwy. It will be used in Sect3.4to anal- i 5 The evolution of the vertical potential temperature profiles
yse the evolution of the boundary layer during the night overfor the CBL as a function of height The vertical velocity is indi-
urban areas, and to investigate how the much smaller noctuicated withw;,. d9 represents the mixed-layer temperature change

nal surface sensible heat flux of the city compared to the dayy,e to the surface heat flukw’@’). y is the temperature slope

is able t_o increase the UHI intensity _an_d re_aches its Maximumyove the mixed-layer height. di, 1 and di, » are the changes in
atthattime. One needs to make a distinction between upwarghixed-layer height due to the surface sensible heat flux and vertical
and downward surface sensible heat flux. Therefore, sets afelocity. The thick dashed line depicts the temperature profile time
equations for the convective boundary layer (CBL) with sur-, and the full lines that of a time step tter.6(z) andd (¢ +dr) are
face heating and for the nocturnal (stable) boundary layetthe corresponding mixed-layer temperatures.

(NBL) with surface cooling are considered in Se@<.1
and2.2.2 respectively.

>

2.2.1 Slab model for the convective boundary layer
z dh; = —df/~
For the CBL, the slab model fro@arratt(1992 is used. It
extended to account for a constant vertical velocity at the top
of the CBL (Fig.2) as demonstrated in Se@t4.3 hilb
The temperaturé of the mixed layer changes due to the
upward surface sensible heat flux which is distributed over

the mixer-layer height,:

|
|
|
|
|
|
|
|
|
|
|
|
)

=)

dfy = —~ywydt

do (w8 O(t + dt)

-’20 (1) P
dr h, P
\ g o(t)

The mixer-layer height increases due to vertical advection of - e > — 0
potential temperature and temperature increase: dth = (w 0 /h,,;) dt

dh, 1do
v dr version height. d; is the change in inversion height due to surface

SV =w + 9
dr h y dr
sensible cooling and upward motion. The temperature changes at

wherey is the temperature slope of the stable temperatur@ne surface due to negative surface sensible flux and upward motion
profile above the mixer layer, and, is the vertical wind  are indicated with @ and d,, respectively.

speed at the mixed-layer height. This set of equations lead to
a transcendental differential equatiorin

.
_

Fig. 3. The same as in Fig, but for the the NBL.z; is the in-

()

dn, (WMo 2.2.2 Slab model for the nocturnal boundary layer
dr Vhe In case surface cooling occurs, an NBL model can be applied

which can be solved with the Newton-Raphson numericalbased orGarratt(1993, Eq. (6.74) in Sect. 6.2.6. Such an
method (see AppendiB). Afterwards, the evolution of the inversion-layer model is illustrated in Fig.

+ wp, 3)

temperature can be integrated from E2): ( The potential temperature at the surfagedhanges due to
the surface cooling which decreases the temperature homo-
(1) = 0(0) +y (he(t) — he(0)) — ywpt. (4)  geneously up to the inversion height, and due to vertical
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Fig. 4. Comparison between radio soundings and model output (base run) at Trappes during the selected 5-day period of clear-sky conditions

advection of potential temperature which vertically shifts the3 Results
temperature profile:

3.1 Model evaluation
do _(w'0)o

dr h; — Y Wh ®) In this section, the ARPS model results are evaluated for the
dh; 1do selected week of maximum urban surface heating between 8
ar Tyar (6) June 2006 (00:00 UTC) and 13 June 2006 (00:00 UTC). Ra-

_ . _ _ . ~dio soundings of temperature profiles, and 2 m temperature
whereuwy, is the vertical wind speed at the inversion height. ground measurements including the urban/rural temperature
Eq. () covers the following physical processes: the surfacegifference are investigated. A comparison between the tem-
cooling cools the stable layer homogeneously up to the inverperature profiles from the model and those from radio sound-
sion heights; (first term), and vertical advection of potential ings at Trappes (location, see Fi.is shown in Fig4. The
temperature vertically shifts the temperature profile. The factynode| profiles at this rural site have an overall negative bias
that the temperature slope remains the same, is expressed By _1 75K and an mean absolute error of 1.5K. Yet, the
Eq. (), so thata change iy is related to a change intemper- model is able to reproduce the overall increase in temper-
aturef at the surface. This set of equations can be convertegire over the selected period, and correctly captures day—

to a differential equation for the inversion height: night differences in the observed profiles. Furthermore, the

— 2m temperatures of two fixed ground stations and their dif-

dn; _ —(w'do +wp,. (7)  ference, at Melun in a rural area and Paris-Montsouris near
dr yhi the city centre (locations, see Fifj, are compared between

It can be solved in a similar way as the CBL model equations.t.he model output and observations for the selected 5-day pe-

Agai . . : riod (see Fig5). The values for the 2 m temperature of the
gain, the temperature evolution follows from integration of .
Eq. 6): model are extrapolated from the lowest vertical model layer

(approximately 12.5 metre) using Monin—Obukhov surface-
0(1) = 0(0) — y (hi (t) — hi (0)). (8) Iayer profiles accounting for stability effects. We find a cor-
relation of 0.97 and 0.99, absolute errors of 1.4K and 1.6 K,
and a cold bias 0£0.92 K and—1.45 K for the urban and ru-

ral station, respectively. The overall too stable vertical tem-
perature profiles at the rural site Trappes and negative bias
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Fig. 5. The temperature time series for Mel(a), Paris-Montsouri¢c), and the difference between the sie} for the observations (circles),
base run (full line) and scenario run (dashed line), and their hourly averaged diurnallcya|é).

in the 2m temperatures mainly occur during the night. Thistively, and we find a correlation of 0.80. The model overesti-
is accompanied by wind profiles with a too strong nocturnalmates the temperature difference with 0.54 K which starts to
low-level jet. Hereby, an overestimation of the peak in wind increase too early in the evening. The (nocturnal) maximum
speed could reach a factor two in some of the nocturnal proUHI intensity averaged for the five days is well captured by
files at Trappes. A possible reason is the uncertainty in thehe model but with a slight overestimation. We find temper-
turbulent mixing parametrization for stable boundary-layerature differences of 6.0K and 5.5K for model output and
conditions, see e.gCuxart et al.(2006. Furthermore, the observations, respectively, so it is overestimated by 0.5K (or
vertical turbulent mixing generated by low-level circulations 9.1 %). Although the model has an overall negative bias dur-
due to topography or the urban UHI itself could be underes-ing the night, the urban-scale temperature fluctuations, which
timated by the ARPS model. This could result in too stableincludes the UHI, are well represented in the model. Further-
nocturnal temperature profiles which further reduce the tur-more, the fact that the temperature difference between the
bulent mixing. This “feedback” of reduced vertical mixing urban and rural station becomes zero in the scenario run (for
may explain the overestimation of the nocturnal low-level jet. which the urban surface is replaced by crops) confirms that it
In this respect, the effect of nocturnal stability and the low- is caused by the urban surface heating.
level jet on the UHI build-up are addressed in Se8td.4
and3.4.5 3.2 Impact of urbanization on the surface energy

The temperaturedifference between the two stations, balance
which reflects the thermal contrast between the urban and

rural areas, is now evaluated. The modeled and observed difxg 5 start to investigate the effect of urban surface heating on
ferences and their diurnal cycle are shown in Fsg.The 0 eyolution of the UHI, the surface energy balance (SEB)
differences have a daily mean of 2.81K and 3.35K, respecyy, the ity centre is analysed. The averaged diurnal cycle over
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Fig. 6. The 5-day averaged diurnal cycle of the surface energy fluxes at Paris-Montsouris (city centre) for the fageh@rscenario

run (b) and their differencéc).

the selected period is considered so that short-term fluctuaand sensible heat ﬂuQE,ase— 075®"in the city centre. The

tions are averaged out (see Fj.

increased sensible heat release leads to a minor increase in

The surface energy balance, which is a statement of théhe 2 m temperature of 2K during the day (see Bjg.

energy conservation at the surface, can be written as

9)

where Q* is the net all wave radiation flux densit@g the
anthropogenic heat fluxQy the surface sensible heat flux

0"+ Qr= On+ Qe+ AQs,

and Qg surface latent heat flux release. The storage hea
flux A Qsrepresents the total heat transfer to/from the urbal
surface/ground that includes buildings (roofs and walls) and
roads, and is equivalent to the ground heat flux. Furthermor

Q* is composed of net short wav@() and long-wave radi-
ation (QL):

Q"= 0k+ 0L= (K, — Ky)+(Ly— Ly), (10)

where K|, and L are the incoming short-wave and long
wave radiation, an&’y and L, the outgoing short-wave and
long-wave radiation.

The urban source terms at nighttime are very different
to those at daytime. An nocturnal excess in storage heat
(A Q'S’ase— A Q%" release which was stored during the day
is the same magnitude as the anthropogenic heat@at
that time. They are balanced by an increased net outgoing
' long-wave radiation {—(Qf’ase— Q7¢®") and sensible heat
EQ,E’lase— Q5. In particular, Q,?,aseis positive as opposed
"o 07" which is negative. It is remarkable that the impact
on the 2 m temperature is increased further during the night,
€even thoughQ 238~ QSeNis much smaller than during the

day. It can be explained by the stable stratification during
the night which retains the urban source terms much closer
to the ground than the unstable stratification during the day,
as mentioned iBohnenstengel et 82011). The further in-
. tensification of the UHI during the night with relative small
difference in surface sensible heat flux is demonstrated more
precisely in Sect3.4.2with the single-column Lagrangian

The surface fluxes at Paris-Montsouris are compared beadvection model. o _
tween the base run and scenario run. In the former, the grid Note that over the urban surface, in which we are dealing

cell has 85 % of urban land surface. In the latter, the urb

arvith bluff-rough elements, much lower thermal roughness

surface is replaced by vegetation in which similar surfacel€ngths occur in the citySugawara and Narif200§ com-
fluxes are obtained as for the base run at the rural locatiofPared to vegetative areas which reduce the turbulent trans-

at Melun.

fer of heat from the surface during the day. This is in con-

Several source terms in the energy budget appear duitrasttowhat one may expect from high roughness lengths for
ing the day owing to the urban surface, which is alsomomentum in cities which actually tend to increase the tur-

found in earlier model studies o¥an Weverberg et al.
(2008; Lemonsu and Massd2002; Lemonsu et al(2009;
Bohnenstengel et a(2011). Hereby, the large reduction in
latent heat releaseg22%e— Q5°®" dominates the increase in
absorbed solar radiatiorg22%¢— 0 £°" and the additional

bulent transfer. This turbulence inhibition which blocks the
surface sensible heat release during the day, together with
the higher heat capacity of the urban surface with a large
amount of buildingsl(emonsu and Massi2002 Harman

and Belcher 2006 Oleson et al.2011), is important be-

anthropogenic heat fluxr. These urban source terms are C2use it favours an increase of storage heat. The latter is
balanced by an increased net outgoing long-wave radiatiofiéleased subsequently as sensible heat during the night and

(—(QPase— pScen), a storage heat fluxs Q235e— A g geen
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Fig. 7. The potential temperature in K over Paris at 23:00 UTC at 12.5 m for the baga)rstenario rur{b) and the differencéc). The
difference in surface sensible heat between the base run and scenario run is e hg city centre is indicated with the red star and the
horizontal wind with the red arrow.

this directly influences the nocturnal temperature (profile)sensible heat during the night. However, this leads to a much

demonstrated in Se@.4.2 stronger impact on the near-surface temperature compared to
In the early morning, a decrease in temperature differencehe day. During the night, the UHI is at its maximum as this

between urban and rural station is partly explained by theextra heat is retained close to the ground because of stable

increased storage heat opposed to the excess sensible hesttatification.

This stems from the already mentioned large heat capacity of

urban surfaces and from the heat blocking effect due to venB.3 The horizontal and vertical extent of the urban heat

low thermal roughness lengths for bluff-rough elements typ- island

ical for urban areas. This could even lead to an urban “cool” ) ) ) )

island which can last for the whole day, as found over Okla- 1€ maximum UHT intensity at 23:00 UTC of 6.1K is found

homa city Lemonsu et a.2009. Nevertheless in this case &t @bout 6km downwind of the city centre along the wind

study for Paris, the excess in sensible heat release remaif§ctor (Fig.7). This downwind shift is also found iBohnen-

positive in the morning which would still suggest an increaseStengel et al(201]). In fact, the boundary-layer UHI in-

instead of decrease in temperature difference. Yet, the UHF'€@Ses when moving over the city along the wind vector up

intensity is reduced since the excess in sensible heat and terf@ the location where the excess in sensible heat release in-
perature is distributed by turbulent diffusion due to the devel-duced by the urban surface vanishes. The extent of the UHI
opment of a convective boundary layer. has approximately the same horizontal size as the total area

To conclude, the large reduction of the latent heat release? the suburban and urban terrain of Paris. The UHI inten-
and to a lesser extent the reduced reflected solar radiatiofty 1S much lower during the day (Fi§), even though the -
and anthropogenic heat for urban surfaces basically explaiff@gnitude and extent of the differential sensible heat flux is
the large increase in storage heat uptake at noon and sensipfaCh larger than during the night. The downwind shift of the
heat release in the afternoon. The latter results in a moded¢H! intensity is negligible in the results for the day.
impact on the near-surface temperature as it is mixed over Puring the day between 09:00 UTC and 18:00 UTC, the
a larger depth because of unstable stratification. The hed@9€ €xcess in sensible heat is found (see Se2t. This is
which was stored during the day and, to a lesser extent, thdistributed over large depth of the convective boundary layer

added anthropogenic heat results in a small impact on th&uring the day (Fig9). This vertical distribution limits the
UHI intensity to at most 2.5K near the surface, but a small

Atmos. Chem. Phys., 13, 8528541, 2013 www.atmos-chem-phys.net/13/8525/2013/
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Fig. 8. The same as in Fig, but for 15:00 UTC.

impact on the vertical temperature of 0.5K is still found 3.4 Contributions and impacts on the nocturnal UHI
up to the mixing height of 800 m. During the night, a pos- build-up with the advection model

itive instead of negativeQ °2¢is found. As a consequence,

a neutral mixed layer with a small depth is formed over the3 4.1  Advection model set-up

city, while the temperature profile becomes stable over crop-

land. The UHI intensity increases up to0 6.1K at 23:00 UTC 1hg aqvection model is applied for both scenarios between
6km downwind of the city centre with a decreasing 1apse 2300 UTC and 23:00 UTC starting 6 km upwind of the city
rate of 0.05KnT= (Fig. 10). The UHI intensity is confined  cenyre traveling a distance of 12.6 km over Paris, seelfig.

to 150m depth under nocturnal boundary-layer conditions;the meteorological conditions as input for the advection
hence the large impact of a relative small excess in sensible,qa| are adopted from the ARPS model output averaged
heat. This is discussed hereafter with the idealized advectiog,, ihe 5-day period between 22:00 and 23:00 UTC for the re-
approach. The differential surface sensible heat remains pogpetive scenarios. Hereby, the advection model accounts for

itive for the entire night under nocturnal stability. Therefore, i, synoptic east wind of 3.5m&. For the base case which
the UHI persists with only a slight decrease until the morningj, | des the urban surface, a constant sensible heat sink of

(06:OO_UTC) when a convective bounda_ry layer with a large _ 10w n2 is considered for the first 12 min (NBL) and a
depth is formed. Note that a small cooling of abeld. 5K heat source of 15 W n? during the 48 subsequent minutes
occurs at 200-400m above the city. This can be ascribed t9cg| ). For the scenario case (hereafter scen case) for which

the cross-over effeciOermak et al.1995 Oke 1982: en-  rnan surface is replaced by cropland, a surface sensible heat
trainment occurs at the elevated inversion base above the Cit¥ink of —20W 2 is prescribed for the entire hour (NBL).

due to roughness and buoyancy effects. This cross-over efyeaized piecewise linear profiles need to be considered for

fect might then correspond to the layer from which heat hasye injtial state of the advection model. The profile of the

been removed by entrainment. lowest 150 m is fitted with linear regression from the ARPS
model results at 22:00 UTC 6 km upwind (east) of the city
centre for both scenarios (Fig2a). Hereby, profile slopes
of 0.26 Kknt! and 0.58 Kknt! were found for the base
and scen case, respectively. The temperature at the inver-
sion height was calculated from the average between 150
and 400 m above ground level. Note that the profile of the
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Fig. 9. 5-day averaged diurnal cycle run through Paris along the wind direction. The city centre is indicated with a red star.

base case is already somewhat destabilized because of tfiee for the lowest 150 m very well for an air column moving
less negative surface sensible heat compared to the scenamdth the wind in the respective scenarios (Figb). They
case before 22:00 UTC. clearly demonstrate that the nocturnal surface sensible heat
We consider a upward wind relative to the surface topograflux and vertical ramp uplift (indicated with LIFT) are the
phy of 0.012 ms?, which appears over a considerable part of processes dominating the changes in the respective temper-
the city in the ARPS output. As demonstrated in Apperfdix  ature profiles. These processes also explain the increase in
this is established by the flow over the ramp east of the cityUHI intensity between 22:00 UTC and 23:00 UTC and the
centre due to the synoptic east wind. Hereby, the order ofUHI maximum of 6.1 K, even though the nocturnal differ-
magnitude of this vertical uplift relative to the surface can ence in surface sensible heat between the two scenarios is
be reproduced theoretically by considering a stratified flowmuch smaller than during daytime. This UHI build-up was
over an idealized ramp in which the acceleration occurs agbout the same as from the ARPS model results.
the downward slope east of the city centre. Note that the ra- In the base case with the city of Paris, a mixed layer is
diative cooling is neglected in the CBL and NBL models. formed up to a height, of 80 m due to surface heating, and

This is discussed in Se@.4.6 a stable layer remains aloft. In the scen case where the city of
Paris is replaced by cropland, a stable profile persists which
3.4.2 Advection model results is cooled efficiently in the vertical up to the inversion height

h; due to a constant surface cooling, but also due to the ver-

The idealized CBL and NBL advection models are comparedical advection of potential temperature. The latter process is
with the ARPS model output for the base case and scen cas€XpPlained in more detail in the next subsection. Meanwhile,
They could reproduce the evolution of the temperature prothe inversion heightis displaced in the upward direction.

Atmos. Chem. Phys., 13, 8528541, 2013 www.atmos-chem-phys.net/13/8525/2013/
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Fig. 10.5-day averaged vertical profiles of potential temperature over Paris at 23:00 UTC for the base run (a), sce(i@rianditheir
difference(c). The differential surface heat flux is added to the bottor{chf

3.4.3 Impact of adiabatic cooling due to vertical motion  tween 50 m and 200 m is now significantly warmer because
of the absence of vertical adiabatic cooling. The mixed-layer

. . . . . height is also reduced from 80m to 55m. In contrast, the
As mentioned in Sect. , the synoptic east wind results in an ) .

. . ; effect of the uplift on the near-surface temperature is much
uplift relative to the surface caused by the ramp upwind of the

city centre. As the wind speed and direction changes depenogreaLter In the scen case (2.03K) where the city of Paris is re-

) T . : laced by cropland. It even turns out that in the scenario run,
ing on the synoptic situation, this topographic effect does no . . o ; . .
) he cooling and increase in inversion height because of verti-

always take place. For example, weak synoptic pressure gra- .
. . .~ cal heat advection is much greater than from the surface cool-
dients would lead to a downslope wind from the west just.

parallel to the surface. In this respect, the impact of this verti-"'9 alone. The reduced sensitivity of the near-surface temper-

cal motion induced by orography on the vertical temperatureature to the uplift in the base case compared to the scen case

. ; . . results from the formation of a small mixed layer in response
profile over both the city and cropland is now studied. There- . : . o
o . : . . to positive sensible heat flux over the city. In this mixed layer
fore, two additional runs with the idealized advection model

(indicated with NLFT) are performed which now exclude the where the potential temperature is constant, the vertical tem-
upward motion @, = 0) perature advection becomes zero even though there is vertical
n=0).

In the base case, the effect of neglecting the uplift on themotlon. Only a slight reduction in the mixed-layer tempera-

near-surface temperature is small (0.57 K), but the layer begure appears because the sensible heat is mixed over a slightly

www.atmos-chem-phys.net/13/8525/2013/ Atmos. Chem. Phys., 13, 8%%sH, 2013
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N Excluding the upward motion, the differential surface
<—f wp = 1.2ems heating between the base case and scen case between
{ U =3.5ms™! Q@g/ 22:00 UTC and 23:00 UTC results in an UHI build-up from
: oS5 . 2.7K to 4.6K at the surface (compare ‘base NLFT' with
%(% fmiie i “scen NLFT” in Fig.12b). This UHI build-up is smaller than
end (23h) ity start (22h) for the simulations including the vertical motion (6.1K). It
\ centre  12.6km, can be explained by the difference adiabatic cooling at the
- _2 surface between the base case and the scen case explained
H1SWmT g ,;1OW?1 base case above. Hence, an additional UHI build-up at the surface of
48 min L ' 12 min 1.5K is explained by the decrease in adiabatic cooling over
—20Wm 2 . the city compared that over cropland. This amounts to 25 %
M hour . i scenarlocase of the total UHI intensity. Because of the distinct impact of

vertical motion on the vertical temperature profile over the
Fig. 11. Overview of the idealized advection model set-up over city (base case) and over cropland (scen case) explained in

Paris for the base case and the scenario case. Surface sensible ht@ previous paragraph, the whole vertical extent of the UHI
fluxes, horizontal and vertical wind speed and duration of simula-js affected by the ramp uplift as well.

tion are shown. Note that the adiabatic cooling due to orographic forcing
only exists for the nocturnal situation, and does not affect the
. (b) finial states near-surface temperature or UHI intensity during the day. In-

300 T T T T T
® @ base ARPS
* * scen ARPS

deed, the near-surface potential temperature for the scenario
run (Fig.7b) resembles the orography around Paris (E)g.
§ which is not the case in the scenario run for the day (8)g.

T T T T
® ® base ARPS
* * scen ARPS

[
250 H

— base INI === base LIFT - e ;
— - scen INI =+ scen LIFT It stems from the fact that during the day, it is dealt with a
200 4 200/ — base NLFT R CBL in both scenarios for which the (change in) vertical heat
— - scen NLFT advection is negligible as mentioned above, especially when
E 150 1150l i the mixed-layer height is very high.
=
" 3.4.4 Sensitivity to the nocturnal stability
100 |- - 100 |- & B
14
o As mentioned in the evaluation, the ARPS-model tends to
0r % 1T X i produce too stable surface-temperature profiles. Therefore,
*,' £ 7 the impact of nocturnal stability on the UHI build-up is dis-
g B cussed. This.is done by dividing the slopes of initia! tem-
01Kl 0 [K] perature profiles at 22:00UTC by a factor 2, see Hig.

The cases excluding the uplift are considered first. On the
ne hand, the change in the near-surf mperature for th
from idealized boundary-layer advection modeisindicates the one hand, the change in the near-surface temperature for the

height above ground level. The initial (22:00 UTC, 6.3 km upwind) base case along the trajector_y 'S decreased by 0.4K, bef:ause
and final states (23:00 UTC, 6.3km downwind) are plottedan the positive heat flux gets distributed over a deeper mixed
and (b), respectively. In both panels, the profiles from the ARPS layer. On the other hand, the near-surface temperature change
output are indicated with red circles and green stars for the base rufémains about the same for the scen case (at least if one con-
and scenario run, respectively. The full red lindahrepresents the ~ siders the same inversion height). Therefore, a decrease in
fitted initial state for the idealized advection models for the basenocturnal stability results in a decrease in UHI build-up when
case (base INI), and the dashed green line that for the scenario caske uplift is excluded. Furthermore, if one includes the up-
(scen INI). In(b), thick lines are referring to the final states of the |ift, the adiabatic cooling is decreased by 1.0K for the scen
idealized modelwvith orographic uplift (LIFT), andhinlineswith-  case while the lower adiabatic cooling in the base case is
outorographic uplift (NLFT) for the respective scenarios. only decreased by 0.2 K (compare difference in thick and thin

dashed lines between Fidi2 and13for the final states). As

a result, the overall reduced adiabatic cooling due to destabi-
increased mixed-layer height due to the uplift. For the basdization results in an additional decrease of the overall UHI
case, the largest sensitivity to vertical temperature advectiomntensity of 0.8 K as well. Hence, the decrease in stability
is not close to the surface, but only in the layer between 5ty a factor two leads to a total decrease of the UHI build-
to 200 m where the potential temperature is not constant andp of 0.8 K+0.4K=1.2K (20% of the overall UHI inten-
adiabatic cooling is important. For the scen case, the impacsity). Therefore, the too stable boundary temperature profiles
of the adiabatic cooling is large for the entire NBL up to the found at natural land-covers in the ARPS model may explain
inversion height. its overestimation of the UHI build-up.

Fig. 12. Vertical potential temperature profiles from ARPS and
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Fig. 13. The same as in Fid.2, except that the stability of the initial ~ Fig. 14. The same as in Figl2. The horizontal and vertical wind
profiles for the base and scen case are now reduced by a factor twspeed for both scenarios are reduced is by a factor two in the advec-
tion model. The final states of the advection model represents the
temperature profile for 00:00 UTC at 6.3 km downwind of the city
centre, because the time over the trajectory of 12.6 km is increased
by a factor two. These are compared with the ARPS profiles for
The ARPS model tends to reproduce a too strong nocturnak3:00 UTC at the same position.

low-level jet. In this respect, the effect of a reduction of the

nocturnal low-level jet is now explained with the idealized

advection model. Hereby, it is assumed that the near-surfacg-0.76 K instead 0f-0.57 K), whereas for the scen case, it
horizontal wind speed below is reduced by the same factobecomes smaller{1.58 instead 0f-2.03 K). As a result, the

as the nocturnal low-level jet aloft, see Fiigl. On the one  impact of a reduced horizontal wind speed on the reduction
hand without considering the vertical uplift, such a decreaseof the adiabatic cooling (base minus scen)-i6.64K, so
results in an increase of the UHI build-up: when halving the contributes negatively to the overall UHI build-up. In sum-
wind speed (1.75mg instead of 3.5 ms!), the air-column  mary, an overestimation of the nocturnal jet could lead to an
would need twice as much time for the trajectory under con-underestimation of UHI build-up. In the absence of the ramp
sideration, so two hours instead of one hour. For the CBLuplift, the underestimation becomes larger.

in the base case without upward motion and starting from

a zero mixed-layer depthi{ = 0), it can be derived from 3.4.6
Egs. @) and @) that the increase in surface temperature (now
2.05K instead of 1.45) along the trajectory reduces by theThe impact of this radiative cooling on the UHI build-up
square root of this time factor two. Analogously for the NBL is discussed. This was excluded in the idealized advection
in the scen case starting from a inversion height of 150 mmodel. Therefore, the radiative cooling to ground and space
one can show with a Taylor expansion that the decrease im the boundary layer is estimated from the boundary-layer
temperature (now-0.90 instead 0f-0.45K) is enhanced by temperature profiles and surface temperatures from ARPS
the time factor itself. This means that without upward motion during the trajectory. For the scen case, the difference be-
the UHI-build-up over the trajectory increases from 1.90 K to tween the surface temperatuf® € 281 K) and screen-level
2.95K due to a decrease in horizontal wind speed. As a retemperature> = 284 K) amounts to 3 K over the trajectory
sult, the UHI-intensity would reach a value of 5.65 K instead between 22:00 and 23:00 UTC in the ARPS results. Apply-
of 4.60K (considering the same initial value at the startinging Eg. (8.41) fromPielke (2002 and using a mixing ratio
point of 2.72 K). On the other hand, the vertical uplift tends of ¢ =7.5gkg ! from the ARPS model output, this leads to
to decrease by a factor two as well (cfr. Bg). This means a radiative cooling to space for the first 150 m above the sur-
that the rate of strong adiabatic cooling at the surface due tdace lower than-0.03 K i for both scenarios, so this was
vertical advection, which mostly occurs over cropland in the neglected. In contrast, the radiative cooling rate to the ground
scen case, is reduced. Consequently, the overall UHI build-ufor a thin layer of four metres above the surface at the screen-
is now reduced. This is partially counteracted by the fact thatlevel temperature Tom =284 K) amounts to—1.76 Kh 1.

the air column now takes twice as much time over the sameHowever, the large radiative cooling is limited to a thin layer
trajectory. Accounting for these opposing effects, the over-above the surface that could lead to a negative curvature of
all adiabatic cooling in the base case becomes slightly largethe temperature profile found in ARPS. Even more extreme

3.4.5 Sensitivity to the nocturnal low-level jet

Impact of radiative cooling

www.atmos-chem-phys.net/13/8525/2013/ Atmos. Chem. Phys., 13, 8%%H, 2013
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cooling rates were found iBteeneveld et a(2010 between The dominant heating terms and their relative importance
1.3m and 10m above the surface of up+8.5Kh1 for for the development of the maximum UHI intensity occur-
very stable conditions. Hereby, one should note that the idefing during the night are analysed. The interactions between
alized advection model only accounts for a piecewise lin-the urban surface heating, boundary-layer stability, and orog-
ear vertical temperature profile in which cooling rates areraphy were investigated. It was found that the increased
constant over the CBL or NBL. Therefore, one cannot cap-storage-heat uptake during the day, which is subsequently
ture the extra radiative cooling near the surface. This coolingeleased during the night, is the most important reason for
near the surface could be partially counteracted by a possithe difference in surface sensible heat during the night. The
ble redistribution of the vertical temperature profile by tur- increased storage heat uptake stems from the reduced evapo-
bulent mixing. Furthermore, the radiative cooling of the next transpiration in the city, the large heat capacity and the very
150 m (above this thin layer) is much smallerQ.29 K 1) small thermal roughness lengths of the urban surface. The
than for this thin layer. Hereby, a constant temperature ofnocturnal anthropogenic heat release is also important for the
T =293 K representative for the top of the NBL is consid- differential surface sensible heat.
ered, so this cooling rate can be considered as a (negative) The spatial extent of the maximum UHI intensity averaged
upper limit. BothSavijarvi (200§ andHa and Mahr{2003 over the selected 5-day period is described. Its maximum
find radiative cooling rates no lower thar0.5 K h~1 with occurs at 23:00 UTC. Because the differential surface sen-
similar nocturnal situations, except for a thin layer close tosible heat between urban and vegetative areas remains con-
the ground. Yet, this cooling rate of the NBL is of the same stant under nocturnal stability, the urban heat island persists
order as the cooling due to the negative surface sensible heatith only a slight decrease until 06:00 UTC in the morning
flux of —0.45K 1 (scen case NLFT minus INI), but lower when a large convective boundary layer is formed. The max-
than the adiabatic cooling for the scen case of 2K scen  imum UHI intensity has approximately an ellipsoidal shape
case LIFT minus NLFT). stretched along the prevailing wind vector with its maximum
For the base case, one finds surface temperatures &m temperature excess of 6.1 K located 6 km downwind of
Ts=290K, screen-level temperatures 0§ n=291K and the city centre.
mixed-layer temperatures of 295K. On the one hand, the Even though the nocturnal differential urban sensible heat
cooling rate of a four-metre thin layer above the surfaceis much lower than during the day, the UHI intensity reaches
amounts to 0.63Kh!, which is lower than the radiative its maximum during the night. In order to investigate this be-
cooling rate of—1.76 K1 in the scen case. This differen- haviour in a rigorous way, idealized advection models for the
tial cooling rate may lead to an extra heat-island build-up of NBL and CBL are developed which account for the prevail-
1.1Kh1 but only for a 4m thin layer close to the surface ing wind, turbulent surface heating/cooling and vertical up-
ignoring a possible vertical redistribution of the vertical tem- lift. Hereby, the nocturnal evolution of the temperature pro-
perature profile. On the other hand, the cooling rate of thefile was well reproduced for both scenarios implying that ver-
neutral layer of 80 m above this thin layer+4€0.12 K L. tical and horizontal advection and the exchange of sensible
As a result, the differential radiative cooling between the heat between the surface and the overlying atmosphere are
scenarios could only slightly enhance the UHI build-up by the dominant processes explaining the boundary-layer struc-
0.17 Kh L. This is much smaller than the UHI build-up due ture both in the city and over cropland. It was demonstrated
to the differential surface sensible heat of 1.9 tor the  that the main part of the UHI build-up is directly related to
differential reduction in adiabatic cooling of 1.5 Kh the small differential surface sensible heat flux during the
night. Despite this low differential sensible heat compared
to the day, the UHI intensity reaches a maximum because of
its confinement to the lowest 150 m under nocturnal stability.
4 Conclusions Hereby, the slightly positive sensible heat over the city at
night results in a mixed layer of 50 m, instead of a down-
Using a mesoscale meteorological model at a horizontal resward sensible heat flux of 20 WTA over the croplands for
olution of 1km and covering an area of 100 kni00km,  which the boundary layer remains stable. This implies that
the urban heat island over Paris during summer 2006 is studany further increase in urban surface heating (such as an-
ied. A base run is performed in which the present-day (urbanthropogenic heat from e.g. air conditioning) during the night
surface characteristics are represented, and an additional sceeuld likely have a larger impact on the near-surface temper-
nario run in which the urban surface is replaced by croplandature, and thus impact on human health, than a similar heat
A 5-day period is analysed for which the (boundary-layer) increase during the day.
UHI intensity is high. Even though the urban parametriza- An air uplift is explained by the synoptic east wind and a
tion is not sophisticated, the UHI intensity is simulated very ramp upwind of the city centre. This induces a strong verti-
well. In particular, the maximum difference in 2 m tempera- cal adiabatic cooling over cropland for the nocturnal bound-
ture between urban and rural areas stemming from the urbaary layer. The adiabatic cooling is decreased in the case of
heating is reproduced with a relative error of less than 10 %.the mixed layer over the city. This reduction could explain
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Fig. Al. Vertical velocity relative to the slope-following wind induced by a ramp in a stably stratified flow for a vertical atmospheric slice.

an important part (25 %) of the maximum UHI intensity. The in which a stably stratified inversion layer is located under-
differential adiabatic cooling has an impact on the vertical neath a residual neutral layer. We describe the orography of
extent of the UHI as well. Furthermore, the UHI is affected the ramp with heighk,, and horizontal scale as

by the nocturnal stability and the nocturnal low-level jet. 1
Therefore, excessive nocturnal stability found in ARPS mayh,, (x) = = hp, [
lead to an overestimation of the UHI build-up, whereas a too

strong low-level jet may result in an underestimation. The This functional form has the advantage of having a deriva-
reduction of the radiative cooling to the surface due to thetive that can be easily Fourier-transformed (see below).
mixed layer above the city compared to the NBL over crop- As in Lin (2007, we obtain the perturbation vertical ve-
land may enhance the UHI build-up as well, but only for a locity w’(x, z) by solving the Scorer equation for its Fourier-
few metres above the surface. From this idealized study itransformw(k, z),
can be concluded that, not only the nocturnal urban surface , ..

heating itself, but also its interactions with orographic forc- % +K2—12p =0
ing, shear mixing, boundary-layer stability, the low-level jet 92

and boundary-layer radiation determine the evolution of thewith k the horizontal wavenumber, ad= N/U the verti-
whole vertical profile of the UHI. Therefore, improvements cal wave number, wittv = /gy /6o the Brunt-\Aisala fre-
of representing these boundary-layer features in atmospheriguency,g the gravitational acceleration add~300K a ref-

2
1-—— arctan)ﬁ] . (A1)
b/ a

: (A2)

models are important for UHI studies. erence temperature.
The lower boundary condition on the vertical velocity is
given by
Appendix A dh U
w0 =uon - 22 (A3)
Orographic flow over a ramp dx Toac+x

and its Fourier transform is

As apparent from SecB.4.2 the vertical uplift plays an oo

important role in explaining the evolution of the nocturnal , ikx Uhm i
temperature profiles, both for the base case as the scenarlb®-9 =5 / wix, Qe Hdx = —— e (A4)
simulation. ARPS simulation results clearly show uplift over —00

the city at the western (downwind) side of a ramp locatedyith the requirement that > 0.

at approx. 2.55E. Here, we try to verify whether this oro-  The vertical velocity is then obtained by applying the in-

graphic feature (i.e, the ramp) is Capable of explaining theverse one-sided Fourier transform,

simulated (in ARPS) vertical wind field relative to the slope | R .

wind, which is characterized by wind speed values of the or-¥ (x,2) = 20 Uo w(k, O)e_ dk} A5
der of a few cms?. = — Uhy acodly)—xsinlz) (A3)

b a?+x2
We calculate the flow field induced by a ramp (FAq.) for . .
a stably stratified atmosphere characterized by a lapse ratlaowgver, aswe fare mtergsted |n_ an ABL S.lal? that follows the
terrain, the terrain-following vertical velocity’(x, 0) has to

and a (constant) wind speéd, following Lin (2007, to do !

so0. We assume that the stable stratification extends to infinit)l}’e substracted, so that finally

in the vertical direction, which is obviously a gross simpli- , U hy, acoslz) —1—xsin(lz)
fication compared to the actual situation (cfr. ARPS result), (x,2) = — 2112

: (AB)
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