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Abstract: The present study presents a detailed analysis of the diurnal and monthly cycles the
surface boundary layer and of surface energy balance in a sparse natural vegetation canopy on
Huancayo observatory (12.04◦ S, 75.32◦ W, 3313 m ASL), which is located in the central Andes of Perú
(Mantaro Valley) during an entire year (May 2018–April 2019). We used a set of meteorological sensors
(temperature, relative humidity, wind) installed in a gradient tower 30 m high, a set of radiative
sensors to measure all irradiance components, and a set of tensiometers and heat flux plate to measure
soil moisture, soil temperatures and soil heat flux. To estimate turbulent energy fluxes (sensible and
latent), two flux–gradient methods: the aerodynamic method and the Bowen-ratio energy-balance
method were used. The ground heat flux at surface was estimated using a molecular heat transfer
equation. The results show minimum mean monthly temperatures and more stable conditions were
observed in June and July before sunrise, while maximum mean monthly temperatures in October
and November and more unstable conditions in February and March. From May to August inverted
water vapor profiles near the surface were observed (more intense in July) at night hours, which
indicate a transfer of water vapor as dewfall on the surface. The patterns of wind direction indicate
well-defined mountain–valley circulation from south-east to south-west especially in fall–winter
months (April–August). The maximum mean monthly sensible heat fluxes were found in June and
September while minimum in February and March. Maximum mean monthly latent heat fluxes
were found in February and March while minimum in June and July. The surface albedo and the
Bowen ratio indicate semi-arid conditions in wet summer months and extreme arid conditions in
dry winter months. The comparisons between sensible heat flux (QH) and latent heat flux (QE),
estimated by the two methods show a good agreement (R2 above 0.8). The comparison between
available energy and the sum of QE and QH fluxes shows a good level of agreement (R2 = 0.86) with
important imbalance contributions after sunrise and around noon, probably by advection processes
generated by heterogeneities on the surface around the Huancayo observatory and intensified by the
mountain–valley circulation.
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1. Introduction

The lower natural boundary of the atmosphere is the earth’s surface. Transport processes of
mass and energy between the atmosphere and the earth’s surface modify the lowest part of the
atmosphere, creating the planetary boundary layer (PBL) [1], which plays an important role in many
fields, including weather forecasting and climate, mesoscale meteorology, hydrology, agricultural
meteorology, and air pollution [2]. In particular, agricultural meteorology and hydrology are concerned
with processes such as evaporation, dewfall, frost formation, as well as with dry deposition of natural
gases and pollutants to crops. All these processes are associated with the state of the PBL, the energy
balance at the surface, and the intensity of turbulence [3].

A surface layer (SL) is the region at the bottom of the PBL where turbulent fluxes and stresses
vary by less than 10% of their magnitude. In convective diurnal conditions, the SL can have a height
of around 100 m in stable nocturnal conditions of around 10 m [1,3]. The study of this lower layer
(SL) is very important to understand the strong interactions between the surface and the atmosphere
and to estimate the turbulent transports of momentum, heat, and water vapor with enough accuracy
to improve the study at a much larger scale in other parts of the atmosphere [4,5]. Two basic profile
methods are used to estimate the surface turbulent energy fluxes: the aerodynamic and the Bowen-ratio
energy balance, and both use the similarity principle, which consider the diffusion coefficients for
momentum, heat, and water vapor to be equivalent [6–9].

In the Andean region of South America, energy balance, evapo-transpiration, surface albedo and
dew deposition have been studied for the arid and the topographically complex Elqui valley at south
of the hyper-arid Atacama Desert (Chile) [10]. For the Elqui valley, the daytime albedo of the natural
vegetation was found to be about 0.17 and for the Bowen ratio 11, which correspond to the value in
arid areas. Furthermore, the meteorological values were found to be strongly depend on the main
features of the surface terrain over which the measurements were taken [11,12]. In fact, turbulent
sensible and latent heat fluxes, net irradiance, and ground fluxes strongly depend on the characteristics
of the surface, such as soil texture, vegetation cover, and roughness [13,14].

Several recent studies have shown the heterogeneity of the surface terrain at the hectometer
scale can facilitate transport of energy, mass, and momentum due to turbulent mixing or advective
local transports [15,16]. The lack of energy-balance closure typically found to be in the range of
10% to 35% [17] and mostly related to instrumental uncertainties, lateral contributions induced by
heterogeneities of surface terrain, and some missing sources or sinks [18].

In the central Andes of Perú, on the Huancayo observatory, the thirty-three year-old (1973–2006)
climatology [19], shows a well-defined seasonal cycle of precipitation with a wet season from September
to April (80% from December to March) and a dry season between May and August [20–24]. Further,
the minimum temperature (Tmin) was found to follow a seasonal pattern ranging from 7 ◦C in
December–February to 0 ◦C in June–July. In contrast, the maximum temperature (Tmax) presents
a low seasonal variability with maximum in February (18.5 ◦C) and October-November (21.0 ◦C).
Also the physical controls on frost events in the Huancayo observatory was analyzed using in situ
observations and energy flux models [19]. The results show low cloud cover, surface-specific humidity,
and soil moisture are key factors that control the day-to-day variability of minimum temperature,
which is more pronounced in the dry/cool season. However, lack of information on the components
of the energy budget found to be an important source of uncertainty. Moreover, a recent contribution
evaluated the sensitivity of the precipitation forecast in the central Andes of Perú of the Weather
Research and Forecasting (WRF) model to change the planetary boundary layer (PBL) schemes [25].
The results show the schemes that generated the most rainfall were those of a more unstable boundary
layer with weaker wind speeds, at least with easterly winds.

Motivated by these considerations, the present contribution tries to partially cover the lack of
information of the seasonal and diurnal cycles of the surface boundary layer and of the energy-balance
components in the Huancayo observatory located in central Andes of Perú using a set of sensors to
measure temperature, relative humidity, and wind at different heights. Further, a set of irradiance
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sensors were employed to measure the irradiance components and a set of tensiometers and a heat flux
plate to measure soil moisture, soil temperatures, and soil heat flux. To estimate the turbulent energy
fluxes (sensible and latent), this study used two flux–gradient methods: the aerodynamic method and
the Bowen-ratio energy-balance method. The ground heat flux at the surface was estimated using a
molecular heat transfer equation.

Some important applications of these results lie in the local function that land-atmosphere
interactions play in the rainfall process [26] and in the development of frost events [19] because the
magnitude of the surface energy fluxes, the soil water content, and the effect of surface albedo on
the dynamics of the PBL. Moreover, the seasonal and diurnal cycles of the boundary layer and of the
energy budget components have been observed to have a critical influence on the climate system;
however, these are not conveniently simulated by numerical regional or climate models [27,28].
Consequently, an accurate estimation of the cycles of the SBL and of surface energy fluxes is
required to improve forecast predictions and to understand the physical mechanisms of weather
and climate modeling.

The paper is organized as follows: Section 2, describes the main climate characteristics of the
Mantaro Valley located in the central Andes of Perú as well as the main features of the data and
instrumentation used in the present work. The components of the methodology to estimate the
turbulent energy fluxes and other important variables that characterize the interaction between the
earth’s surface and the atmosphere are detailed in Section 3. The main results and discussions about the
seasonal and diurnal cycle behavior the surface boundary layer and of the energy-balance components
along the year are presented in Sections 4 and 5. Finally, Section 6 presents the conclusions of the paper.

2. Site and Instrumentation

Measurements were made in the Huancayo observatory of the Geophysical Institute of Peru
(12.05◦ S, 75.32◦ W, 3313 m asl) (Figure 1a) inside the Mantaro basin, which is located in the central
Peruvian Andes (10◦34′–13◦35′ S, 73◦55′–76◦40′ W) with an area close to 34,550 km2. The altitudes
of the Peruvian central Andes range from 500 to 5350 m asl and its average altitude is 3800 m asl
(Figure 1b). The Mantaro Valley lies in the NW-SE direction and has a gentle slope of 0.2◦. The climate
information (1960–2002) measured at 07, 13 and 17 LT shows the Huancayo observatory has a marked
seasonal variability in rainfall, with the maximum between January and March and the minimum
between June to July. The mean accumulated rainfall during a year is 757.5 mm [29]. It was found
that 83% of the annual rainfall takes place between October and April, 48% of which are distributed
almost equally between January, February, and March. The maximum precipitation was found to be in
February (120 mm) and the minimum in June (10 mm) [30].

The maximum mean temperatures have a less pronounced seasonality, with the highest value
observed in November (20.8 ◦C) and lowest in the wet months (February to March, 18.4 ◦C).
The minimum mean temperatures have a strong seasonality, ranging from its lowest values in the
dry season (June to August), with its lowest in July (0.5 ◦C), to its maximum values in the wet season
(January to March) with an average value of 7 ◦C [31]. The lowest values of the minimum mean
temperature are associated with cloudless conditions with large outgoing long-wave radiation, mainly
during the dry season [19]. The seasonal pattern of the rainfall is due to low cloud cover and specific
humidity, with minimum values in June and July at 07 LT, which also coincides with the time of the
minimum temperatures (between 06 and 07 LT) in the same months. Moreover, a low cloud cover
presents higher values at 19 LT compared to the values at 07 and 13 LT, with maximum peaks of
6 oktas between January and February and minimum peaks below 3 oktas in the dry months for all
observations. For specific humidity, diurnal variation is less pronounced with the minimum close to
5 g kg−1 at 07 LT in the dry months and maximums around 8.5 g kg−1 at 13 LT between January to
March [19].
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Figure 1. (a) The domain of the Mantaro valley and the location of the weather station in the Huancayo
observatory of the “Instituto Geofísico del Perú” (12.05◦ S, 75.32◦ W, 3313 m asl). (b) Topography
around the Mantaro valley, with higher altitudes close to 5000 m asl. (c) Images of the USGS Earth
Explorer (https://earthexplorer.usgs.gov/) that shows the surface canopy around the Huancayo
observatory. The red square at left side indicates the area of the observatory highlighted at right side.

The sensors used to measure meteorological variables (temperature, relative humidity, wind speed,
and wind direction) were installed in a gradient tower 30 m high (Figure 2a). Also, the measurements
of solar irradiance components at the surface obtained by sensors installed in a radiometric tower 5 m
high (Figure 3a) were used. The data of the sensors in the gradient tower were carried out regularly
since May 2018, save the data of the radiometric tower since August 2017. All the data were recorded
at a minute’s resolution. Temperature and relative humidity were measured by the HMP60 probe
of Campbell Scientific (Figure 2d). The 03002 Wind Sentry Set of Campbell Scientific measures both
wind speed and direction. It consists of a 3-cup anemometer and a wind vane mounted on a small
crossarm (Figure 2b,c). Finally, the HFP01 soil heat flux plate (Figure 2e) sends out a voltage signal
that is proportional to the heat flux of the surrounding medium (soil). To measure the soil temperature
and moisture, Decagon 5TM VWC tensiometers were used. The 5TM delivers temperature, measured
by an on-board thermistor, along with accurate volumetric water content. It can also determines

https://earthexplorer.usgs.gov/
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determines volumetric water content (VWC) by measuring the dielectric constant of the soil using
capacitance/frequency domain technology. All the details of these sensors are shown in Table 1.

Table 1. Main characteristics of the meteorological instrumentation installed in the Huancayo observatory.

Temperature
(◦C)

Relative
Humidity (%)

Wind
Speed (m s−1)

Wind Direction
(degrees)

Soil Heat
Flux (W m−2)

Soil
Temperature (◦C)

Soil
Moisture (%)

Sensor HMP60 HMP60
03002 Wind
Sentry Set

03002 Wind
Sentry Set

HFP01 soil heat
flux plate

Decagon
5TM VWC

Decagon
5TM VWC

Company
Campbell
Scientific

Campbell
Scientific

Campbell
Scientific

Campbell
Scientific

Campbell
Scientific

ICT
International

ICT
International

Range −40 to 60 0–100 0–50 0–360 ±2000 −40 to 50 0–100

Accuracy ±0.6
3% for 0–90

5% for 90–100 ±0.5 ±1.0 −15% to +5% ±1
0.08 for 0–50

0.1 for 50–100

Figure 2. (a) Gradient tower located in the Huancayo observatory with sensors installed at six height
levels: 2, 6, 12, 18, 24, and 29 m. (b) Anemometer (03101) with three cups from Campbell Scientific to
measure wind speed. (c) Wind wane (024A) from Campbell Scientific which measure wind direction.
(d) Air temperature and relative humidity (RH) probe (HMP60) from Campbell Scientific. (e) Soil heat
flux plate (HFP01) measures the rate of energy transferred through a surface.

The pyranometer CMP10 from Kipp & Zonen installed in the radiation tower (Figure 3b) is
designated to measure the hemispherical (global or diffuse) SW irradiance. Three pyranometers
CMP10 were installed, two to measure the SW global and diffuse irradiances incident at the surface
and one to measure the SW irradiance reflected by the surface. To measure the diffuse irradiance from
the sky, the direct solar irradiance is blocked by a small black sphere mounted on an articulated shading
assembly in a two-axis automatic sun tracker, Kipp & Zonen 2AP. The sun tracker uses information
on location and time to calculate the position of the sun and point at it accurately under all weather
conditions (Figure 3a). The pirgeometer CGR4 from Kipp & Zonen installed in the radiation tower
(Figure 3b) is designed to measure LW irradiance. The pyrheliometer CHP1 from Kipp & Zonen is
designed to measure direct SW irradiance. All the details of radiative sensors are given in Table 2.
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Table 2. Main characteristics of the radiation instrumentation installed in the Huancayo observatory.

CMP10 Pyranometer CHP1 Pyrheliometer CGR4 Pirgeómetro

Company Kipp & Zonen Kipp & Zonen Kipp & Zonen
Spectral range (50% points) 285 to 2800 nm 200 to 4000 nm 4500 a 42000 nm

Sensitivity 7 to 14 µV W−1 m−2 7 to 14 µV W−1 m−2 5 a 15 µV W−1 m−2

Response time <5 s <5 s <18 s
Directional response

(up to 80◦ with 1000 W m−2 beam)
<10 W m−2 - -

Temperature dependence of
sensitivity (−20 ◦C to +50 ◦C) <1% <0.5% -

Operational temperature range −40 ◦C to +80 ◦C −40 to +80 ◦C −40 a +80 ◦C
Maximum solar irradianciance 4000 W m−2 4000 W m−2 -

Limites de irradiancia neta - - −250 a + 250 W m−2

Figure 3. (a) Tower located in the Huancayo observatory with radiation sensors installed at 6 m high.
(b) Pyranometer (CMP10) manufactured by Kipp & Zonen which is an instrument that monitors solar
irradiance for the full solar spectrum range. (c) Pyrgeometer (CGR4) from Kipp & Zonen, which is an
instrument for the highest quality scientific measurements of LW irradiance. (d) Pyrheliometer CHP1
from Kipp & Zonen designed to measure of direct SW irradiance.

3. Methodology

3.1. Roughness and Wind Variation

A logarithmic decay curve accurately describes the actual form of wind variation with height
under neutral stability. The logarithmic wind profile equation is given by:

uz =
u∗
k
· ln z

z◦
(1)

where uz is the mean wind speed (m s−1) at the height z, u∗ the friction velocity (m s−1), k is the Von
Karman’s constant (∼0.40), and z◦ the roughness length (m), which is a measure of the aerodynamic
roughness of the surface and depends of the shape and density distribution of the elements. The surface
shearing stress (τ) is the forced exerted on the surface by the air being dragged over it. It is function of
u∗ as follows:

u∗ =
τ

ρ
(2)

where ρ is the air density. From Equation (2), it is possible to obtain τ, because u∗ can be evaluated
from wind profile measurements, using Equation (1). This method is limited to roughness elements



Atmosphere 2019, 10, 779 7 of 32

with small vertical extension, as the bushes on the ground of the Huancayo observatory. The analysis
of wind profiles and momentum flux during the observation period will be presented in Section 4.3.

3.2. Wind Direction (Circular Statistics)

Wind direction angles have a circular nature and therefore such data cannot be analyzed with
commonly used statistical techniques. To compute the mean and standard deviation of wind direction
angles we used circular statistics, which is a set of statistical techniques for the use of data on an
angular scale [32,33]. For instance, the mean of a sample of wind direction angles cannot be computed
by simple averaging the data points, because angles close to zero and 360 deg have mean close to
180 deg, but this makes no sense and the correct mean value must be close to one of these two angles (0
or 360 deg.). Instead, directions are first transformed to unit vectors in the two-dimensional plane by:

ri =

[
cos(αi)

sin(αi)

]
(3)

where ri is the unit vector and αi is the angle of the vector. This transformation is implemented using
the Euler’s identity:

exp(Iαi) = cos(αi) + I sin(αi) (4)

where I is the imaginary unit. After this transformation, the vectors ri are vector averaged by the
following equation:

r =
1
N ∑

i
ri (5)

where r is called mean resultant vector, which is transformed using the four-quadrant inverse tangent
function to obtain the mean angular direction α. For the present work we used the algorithms
developed in two recent contributions [33,34]. As an example, Figure 4a shows a dataset consisting of
30 samples plotted as points on the unit circle and Figure 4b show angular histograms for the same
dataset. The unit circle has limits from 0 to +π (counterclockwise) and from 0 to −π (clockwise).
In contrast the angular histograms shows the relative frequency of dataset and has limits from 0 to
360 deg (counterclockwise). In order to process the wind direction data, we made a transform of
coordinates from cardinal directions to unit circle directions.

Figure 4. (a) Wind direction dataset shown as points on the unit circle and (b) the same dataset shown
as angular histograms. Red lines indicate the direction and magnitude of the mean resultant vector.
To generate plots we used the algorithms presented in Berens’s contribution [34].

3.3. Estimation of Turbulent Energy Fluxes and Surface Albedo

For the present study, we used the flux–gradient methods which estimate the turbulent energy
fluxes (sensible and latent) based on average profiles of atmospheric properties and the degree of
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turbulent activity. We measured air temperature, relative humidity, wind speed and wind direction in
six levels of height with sensors located in a gradient tower (Figure 2) described in Section 2. There are
two profile methods: the aerodynamic method [8] and the Bowen-ratio energy-balance method [35],
which are based on the similarity principle proposed by Monin and Obukhov [6,36]. This holds
that the diffusion coefficients and the aerodynamic resistance for momentum, heat, water vapor and
carbon dioxide are equivalent. This condition means that a turbulent eddy can carry heat, vapor and
momentum with equal efficiency. The Bulk Richardson number (RiB) is a non-dimensional stability
parameter to characterize atmospheric stability and the state of the turbulence near the surface [7].
The Bulk Richardson number is a ratio that accounts for the effects of buoyancy and mechanical
forgings (free to forced convection) and is expressed as:

RiB =
g
T
· ∆T/∆z
(∆u/∆z)2 (6)

In this case, we assumed that the change of wind direction in low levels is very low, as can be
seen in Section 4.3, and therefore can be ignored. In Equation (6), g is the acceleration due to gravity
(m s−2), T (K) is the mean temperature in the layer ∆z (m), ∆T is the difference of the temperatures in
the layer ∆z, ∆u is the difference of wind speed in the layer ∆z. Ri approaches zero for neutral stability
conditions generally associated with early morning and/or evening periods on cloudy days with
strong winds. Positive values of Ri indicate stable conditions where temperatures near the surface
are cooler than away from the surface associated with early morning, evening night periods and
overcast days. Negative values of RiB indicate strong lapse rate (unstable) conditions where surface
heating enhances buoyancy effects. In general, neutral conditions representing a minor fraction of a
day with dominant unstable and stable conditions during the diurnal cycle [8]. The neutral form of
the aerodynamic equations to estimate the turbulent energy fluxes of momentum (τ), sensible (QH)
and latent (QE), can be generalized according to stability, as given by RiB in the following operational
equations, as described by Oke [7] and Arya [2]:

QH = −Cak2z2
(

∆u
∆z ·

∆T
∆z

)
.(ΦMΦH)

−1

QE = −Lvk2z2
(

∆u
∆z ·

∆ρv
∆z

)
.(ΦMΦV)

−1

τ = ρk2z2
(

∆u
ln(z2/z1)

)2
· (ΦMΦV)

−1

(7)

where ρv is the water vapor density, which was estimated used the relative humidity, the saturation
vapor pressure and the air temperature. Moreover, Ca is the heat capacity of air, Lv is the latent heat of
vaporization, k is the Von Karman’s constant (∼0.40), z is the log mean height (=(z2 − z1)/(ln(z2/z1)),
ΦM, ΦH and ΦV are dimensionless stability functions for momentum, heat and water vapor, which
can be expressed as functions of the Richardson number [2]:

Φ−1
M =

{
(1− 15 Ri)1/4 for Ri < 0

(1− 5 Ri) for 0 < Ri < 0.2
(8)

Φ−1
X =

{
(1− 15 Ri)1/2 for Ri < 0

(1− 5 Ri) for 0 < Ri < 0.2

where ΦX is the appropriate stability function for the property being transferred. Using these functions,
it is possible to calculate the combined terms used in Equation (7):{

(ΦMΦX)
−1 = (1− 15 Ri)3/4 for Ri < 0

(ΦMΦX)
−1 = (1− 5 Ri)2 for 0 < Ri < 0.2

(9)
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When the atmosphere is neutral (Ri between ±0.01) thermal effects are minimal and only forced
convection is present. For conditions of higher instability, buoyancy effects grow in importance
through the mixed regime. For values of Ri larger than −1.0, there is weak horizontal motion and
strong convective instability. For positive values of Ri close to +0.25 the flow is laminar and vertical
mixing is absent. Moreover, for the Bowen-ratio energy-balance method it is necessary to formulate a
surface energy budget (SEB) equation for a surface or volume, applied to the interface between the
atmosphere and the elements of the surface can be expressed as:

Q∗ = QH + QE + QG (10)

where the net irradiance (Q∗) is the main source (or sink) of energy during daytime (night-time) and
drive the sensible (QH) and latent (QE) turbulent heat fluxes and the energy of conduction to or from
the underlying soil (QG). The Bowen-ratio energy-balance method estimates the convective fluxes by
computing the available energy (Q∗ − QG). This available energy is partitioned between QH and QE
by considering their ratio, (β), given by:

β =
QH
QE

=
Ca ∆T
Lv ∆ρv

(11)

From the surface energy-balance equation (Equation 10), the individual turbulent fluxes are given
in terms of β as:

QH = β
(Q∗ −QG)

(1 + β)
(12)

QE =
(Q∗ −QG)

(1 + β)
(13)

This method has the advantage of not being stability-limited because it only requires similarity
between ΦM, ΦH and ΦV . We used only measurements with a difference of the wind velocities between
both heights greater than 0.3 m s−1 to ensure that a sufficient turbulent regime exists [37]. Also, Bowen
ratio values close to−1 were rejected to eliminate unacceptable results [38]. To replace missing data, we
used data from the preceding and succeeding period for interpolation [39]. Several studies applied the
Bowen-ratio technique to estimate the turbulent fluxes in different types of regions [40–43]. However,
there are some problems when the gradient of the specific humidity is very small, which generates
errors in the estimation of latent heat flux [10].

The most important disadvantage of the Bowen-ratio method is that because of the apparent
unclosed energy balance, the residual or imbalance (Imb) is either added to the net radiation or
distributed according to the Bowen ratio to the sensible and latent heat flux. This assumption could
generate important uncertainties [18,44]. The Imb term is an unavoidable part of the experimentally
determined surface energy budget, and it is usually between 10–15% in wide homogeneous conditions
(as during the EBEX campaign, [45]) increasing as the terrain becomes more heterogeneous (as for
LITFASS-2003 [46]) or topographically complex to 20–35% [15,16]. For both methods (aerodynamic
and Bowen ratio), we used differences of wind, temperature and moisture at six levels of height, taking
differences between measurements of the sensors located at highest levels (6 m, 12 m, 18 m, 24 m and
29 m) and the lowest level (2 m) of the gradient tower (Figure 2). Also, we used moving averaging
periods of 30 min which are considered appropriated [7,47]. The analysis of air temperature, moisture
and turbulent and radiative energy fluxes during the observation period will be presented in Section 4.

It is important to note that despite the widely used SEB equation (Equation 10), there are more
processes that modify the energy of the volume and are customarily neglected. These terms include
transient conditions such as morning or evening transitions (TT), advection of heat due to local
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heterogeneities (A), storage in the elements of the volume (S), biological processes (B) and instrumental
errors (Ot) [17,48,49]. These terms can be grouped in the imbalance (Imb) term as follows [18]:

Q∗ −QH −QE −QG = −TT − A + S + B + Ot = Imb (14)

The absorption or release of heat by the air, soil and plant biomass generates the physical storage
changes of the volume (S). Changes of sensible heat content (but not of latent heat changes) result
in temperature. the rate of CO2 assimilation by the plants generates changes in biochemical energy
storage (B). The analysis of the components of the SEB and the imbalance term during the observation
period will be presented in Section 5.5.

Moreover, the surface albedo is another magnitude that characterizes the interaction of solar
radiation with the earth’s surface. The study of this variable allows us to establish the relationship
between the amount of irradiance reflected by the surface, with respect to the amount of indistinct
global irradiance [50]. The surface albedo depends on the surface properties, as well as its conditions
such as color, moisture, presence or lack of vegetation, roughness, etc. For tropical regions climatology
surface albedo (30 years) was estimated between 0.19 and 0.26 [51] by using a dataset subjected to a
quality control following the criteria of the Baseline Surface Radiation Network (BSRN) and with the
methodology of the WMO Guide to Climatological practices [52]. The analysis of the surface albedo
obtained for the Mantaro valley will be presented in Section 4.5.

3.4. Land Surface Temperature

The irradiance measured (Lms) by the LW irradiance sensor (Figure 3c) looking downwards to the
surface is the sum of LW irradiance emitted by the surface (Lup) plus the LW irradiance product of
the reflection of the downward LW coming from the sky (Ldn) [53]. For an opaque surface with LW
emissivity (ε), Lms is equal to:

Lms = Lup + (1− ε)Ldn (15)

Considered that Lup = ε σ LST4, where LST is the land surface temperature and σ is the
Stefan- Boltzmann constant (σ = 5.67 × 10−8 W m−2 K−4) and we used a value of 0.97 for ε as
was recommended in previous studies for organic bare soil [53,54], then LST can be expressed as:

LST4 =
Lms − (1− ε)Ldn

εσ
(16)

Taking into account the general formula of error propagation the uncertainty of LST is between 3
and 4 K for an LST close to 300 K. The analysis of land surface temperature is presented in Section 4.5.

3.5. Ground Heat Flux at the Surface

During the day, the ground surface and the canopy is heated by incoming short-wave irradiance.
In contrast, at night hours the emission of long-wave up-welling irradiance causes the cooling of the
surface, which becomes cooler than the air and the deeper soil layers. The available energy according to
the net all-wave radiation (Q∗) is distributed by the turbulent sensible (QH) and latent (QE) heat fluxes
and the mainly molecular ground heat flux (QG) which is based mainly on molecular heat transfer
and is proportional to the temperature gradient (∂T/∂z) times the thermal molecular conductivity aG
(W m−1 K−1). To estimate the ground heat flux at the surface we used the sum of the soil heat flux
measured at 8 cm by a soil heat flux plate (Figure 2e) and the heat storage in the layer between the
surface and the plate [44]:

QG(0) = QG(−8cm) +
∫ 0

−z
CG(z) T(z) dz (17)
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where CG is the volumetric heat capacity CG(z) = aG/νT (νT is the molecular thermal diffusivity) that
can be assumed constant with depth in the case of uniform soil moisture. To implement Equation (17)
we used two integrating temperature sensors of the soil layer, which are located at 2 cm and 5 cm
between the surface and the heat flux plate (8.0 cm). For the ground heat flux near the surface,
it follows that:

QG(0) = QG(−8cm) +
CG |∆z| |T(t2)− T(t1)|

t2 − t1
(18)

In addition, CG of moist soil at different soil levels were calculated by adding the heat capacity of
the dry soil to that of the soil water as follows:

CG = Cd + θV ρW CW (19)

where Cd is the heat capacity of dry soil, θV is the soil water content on a volume basis, ρW is the
density of water (1000 kg m−3) and CW is the specific heat of water (4.18 × 103 J kg−1 K−1). A value of
1.25 × 106 J m−3 K−1 for the heat capacity of dry soil is a reasonable value for a clay soil according to the
soil characteristics of the Huancayo Observatory [55]. The analysis of soil temperatures, soil moistures
and ground heat fluxes during the observation period is presented in Sections 4.4 and 4.6, respectively.

4. Results

This section presents the results and discussions of the seasonal and diurnal cycles behavior of
the surface boundary layer and of the energy-balance components between May 2018 and April 2019.
Tables 3–5 show the mean monthly values of meteorological (at 2 m and 29 m), radiative and energetic
variables, respectively.

Table 3. Mean monthly values of meteorological variables between May and September 2018 at 05, 06
and 07 LT for the Huancayo observatory: air temperature, relative humidity, water mixing ratio, wind
speed, wind direction and soil heat flux at 8 cm depth.

Month
Air Relative Water mixing Wind Speed Wind Direction Soil Heat

Temperature (◦C) Humidity (%) Ratio (g kg−1) (m s−1) (degrees) Flux (W m−2)

(2 m) (29 m) (2 m) (29 m) (2 m) (29 m) (2 m) (29 m) (29 m) (8 cm depth)

May

5 h 2.13 5.51 85.71 67.57 5.68 4.78 0.40 1.43 110.5 −23.50
6 h 1.82 4.97 85.02 68.86 5.53 4.78 0.36 1.55 126.0 −24.00
7 h 2.21 4.79 84.32 69.35 5.62 4.83 0.32 1.39 119.7 −24.18

July

5 h 2.46 5.05 74.96 63.24 5.19 4.76 0.54 1.45 123.0 −19.84
6 h 1.88 4.59 76.72 65.58 5.11 4.72 0.57 1.35 147.4 −20.41
7 h 1.81 4.37 76.88 65.31 5.10 4.65 0.50 1.24 136.1 −20.90

September

5 h 4.32 6.43 75.64 66.21 5.95 5.49 0.58 1.50 150.5 −38.24
6 h 3.85 6.08 76.60 67.22 5.85 5.44 0.51 1.37 170.9 −38.73
7 h 4.76 6.10 74.81 67.27 6.05 5.59 0.43 1.12 174.3 −38.02

November

5 h 7.01 8.79 83.03 70.71 7.81 6.93 0.33 1.42 16.44 −39.14
6 h 6.81 8.49 83.64 71.80 7.77 6.95 0.26 1.32 125.5 −39.45
7 h 8.93 9.12 76.23 70.38 8.08 7.48 0.31 0.92 −72.95 −36.46

January

5 h 8.09 8.73 87.73 81.17 8.79 8.27 0.25 1.06 −71.73 −31.58
6 h 7.73 8.58 88.42 81.10 8.66 8.12 0.30 1.13 −87.37 −31.82
7 h 8.35 8.71 86.96 81.21 8.85 8.67 0.29 1.04 −36.70 −31.33

March

5 h 8.64 8.97 90.28 86.50 9.37 9.03 0.17 0.83 −33.78 −25.92
6 h 8.55 8.92 90.24 85.99 9.31 8.94 0.13 0.82 −33.90 −25.82
7 h 8.71 9.02 90.14 85.57 9.39 8.96 0.18 0.78 8.32 −25.65
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Table 4. Mean monthly values of energetic variables between May and September 2018 at 05, 06 and 07
LT for the Huancayo observatory: sensible heat flux, latent heat flux, water mixing ratio, shear stress,
Richardson number, Bowen ratio, soil temperature and soil moisture.

Month
Sensible Heat Latent Heat Momentum Richardson Bowen Soil Soil
Flux (W m−2) Flux (W m−2) Flux (N m−2) Number Ratio Temperature (◦C) Moisture (%)

2 cm depth 2 cm depth

May

5 h −26.53 −1.00 0.034 0.13 8.47 8.38 8.5
6 h −21.47 1.39 0.033 0.07 7.34 7.96 8.5
7 h 2.12 13.83 0.040 −0.42 5.91 7.91 8.6

July

5 h −23.40 −4.24 0.032 0.08 8.42 6.03 5.4
6 h −22.33 −4.16 0.034 0.05 8.26 5.49 5.5
7 h −0.94 2.54 0.042 −0.27 7.49 5.37 5.5

September

5 h −20.21 −2.02 0.032 0.09 8.74 7.31 10.8
6 h −14.19 1.85 0.034 −0.02 8.49 6.84 10.8
7 h 18.91 12.35 0.048 −0.51 7.76 7.43 10.9

November

5 h −15.67 9.86 0.030 0.05 4.70 10.04 14.3
6 h −3.25 21.26 0.036 −0.19 3.77 9.80 14.3
7 h 26.75 40.57 0.050 −0.71 2.42 11.42 14.5

January

5 h −4.27 13.99 0.030 −0.17 2.36 11.03 18.1
6 h −0.19 18.99 0.033 −0.27 2.83 10.63 18.2
7 h 19.85 36.31 0.047 −0.63 2.19 11.28 18.2

March

5 h −1.56 12.56 0.027 −0.25 1.31 13.03 21.6
6 h −0.50 14.35 0.026 −0.28 1.76 12.82 21.6
7 h 12.86 29.43 0.036 −0.57 1.58 12.91 21.6

Table 5. Mean monthly values of irradiance variables between May and September 2018 at 05, 06 and
07 LT for the Huancayo observatory: Global SW, direct SW, diffuse SW, reflected SW, net SW, emitted
LW, incident LW and net LW irradiances.

Month Global SW Direct SW Diffuse SW Reflected SW Net SW Emitted LW Incident LW Net LW
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

May
5 h 0 0 0 0 0 −326.11 264.77 −61.34
6 h 0 0 0 0 0 −324.69 263.69 −61.00
7 h 33.64 17.61 16.86 −10.21 23.43 −328.73 266.29 −62.44
July
5 h 0 0 0 0 0 −325.99 271.75 −54.24
6 h 0 0 0 0 0 −322.77 267.68 −55.09
7 h 18.77 8.40 10.75 −6.56 12.21 −325.77 272.66 −53.11

September
5 h 0 0 0 0 0 −333.25 269.76 −63.49
6 h 0 0 0 0 0 −331.94 270.22 −61.72
7 h 68.36 24.04 43.45 −19.57 48.79 −343.24 277.75 −65.49

November
5 h 0 0 0 0 0 −351.4 300.2 −51.20
6 h 9.85 1.28 8.77 −2.27 6.58 −351.4 298.4 −53.00
7 h 139.5 44.64 97.65 −25.64 113.86 −367.4 299.2 −68.20

January
5 h 0 0 0 0 0 −357.2 318.2 −39.00
6 h 0 0 0 0 0 −356.1 316.6 −39.50
7 h 62.58 16.94 52.79 −10.68 51.9 −362.5 316.5 −46.00

March
5 h 0 0 0 0 0 −362.6 335.0 −27.60
6 h 0 0 0 0 0 −361.6 332.2 −29.40
7 h 27.09 1.73 26.79 −4.72 22.37 −363.8 332.7 −31.10

4.1. Air Temperature

The diurnal cycle of the mean monthly air temperatures during July (Figure 5a) and March
(Figure 6a) showed the continuous decrease of temperature at night hours until reaching its minimum



Atmosphere 2019, 10, 779 13 of 32

at 07 LT (Table 3-columns 2 and 3). During these hours, minimum temperature was observed during
July at 07 LT (1.81 ◦C at 2 m) and the maximum in March at 07 LT (8.71 ◦C at 2 m). After sunrise
the temperature increased between 18 ◦C and 20 ◦C around 16 LT for all months, reflecting the
diurnal lag between maximum temperature and maximum solar irradiance (noon). During the night,
between 18 LT and 8 LT, the temperatures were lower near the surface (2 m) than at 29 m by about
4 ◦C in July and 0.5 ◦C in March. However, at day hours the opposite occurred with differences close
to 2 ◦C for all months.

Figure 5. Diurnal cycle of mean monthly values and standard deviations of (a) air temperature (◦C) at
2 and 29 m, (b) relative humidity (%) at 2 and 29 m, (c) water mixing ratio (g kg−1) at 2 and 29 m and
(d) soil heat flux (W m−2) at 8 cm depth during July 2018.

The diurnal cycle of temperature vertical profiles during July (Figure 7a) and March (Figure 8a)
showed that most stable atmospheres were observed at night hours in July with positive lapse rates
close to +0.25 ◦C m−1 but in March the atmosphere remained slightly unstable or neutral with
lapse rates close to 0 at night hours. At 10, 13 and 17 LT were observed unstable conditions with
negative lapse rates between −0.13 and −0.25 ◦C m−1 which was higher than the dry adiabatic lapse
rate (−9.8 × 10−3 ◦C m−1). After sunset (20 LT), the atmosphere became stable again with positive
environmental lapse rates around +0.20 ◦C m−1.
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Figure 6. Diurnal cycle of mean monthly values and standard deviations of (a) air temperature (◦C) at
2 and 29 m, (b) relative humidity (%) at 2 and 29 m, (c) water mixing ratio (g kg−1) at 2 and 29 m and
(d) soil heat flux (W m−2) at 8 cm depth during March 2019.

Figure 7. Diurnal cycle of mean monthly vertical profiles of (a) air temperature (◦C), (b) relative humidity
(%), (c) water mixing ratio (g kg−1), and (d) wind speed (m s−1) from 2 to 29 m during July 2018.
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Figure 8. Diurnal cycle of mean monthly vertical profiles of (a) air temperature (◦C), (b) relative
humidity (%), (c) water mixing ratio (g kg−1), and (d) wind speed (m s−1) from 2 to 29 m during
March 2019.

4.2. Air Moisture

The diurnal cycle of RH during July (Figure 5b) and March (Figure 6b) showed the continuous
increase of RH during the night until reaching their maximum values at 07 LT with 76.88% (65.0%)
at 2 m (29 m) in July and almost constant values close to 90% (85%) at 2 m (29 m) in March.
(Table 3-columns 4 and 5). After sunrise RH decreases up to 25% in July and 50% in March around
16 LT according to the time of maximum temperature. In the late afternoon the RH increased again
according to the decrease of temperature (Figures 5a and 6a) and the increase of water vapor (Figures 5c
and 6c). At day hours, between 8 LT and 18 LT, the RH was slightly higher at the highest level (29 m) in
comparison with the RH near the surface (2 m) by about 2% and at night hours the opposite happens,
with higher differences of RH between both levels by about 10%.

The diurnal cycle of vertical profiles for RH during July (Figure 7b) and March (Figure 8b) showed
that at night hours, the RH decrease with high according to the inverted vertical profiles of temperature.
However, during the day, the RH profiles remain almost constant probably as a consequence of high
values of water mixing ratios (Figure 6c) and low stratification of temperatures (Figure 6a) along
the day.

The diurnal cycle of the water mixing ratio during July (Figure 5c) and March (Figure 6c) showed
a slight decrease during early morning hours close to 5.4 g kg−1 at 2 m in July and remains almost
constant with values close to 9.5 g kg−1 in March (Table 3-columns 6 and 7). In July, after sunrise
water mixing ratio increased up to 5.5 g kg−1 at 10 LT and by 11 LT decreases slightly until reaching
its minimum close to 4.0 g kg−1 at 15 LT and around 17 LT increases again up to values around
5.5 g kg−1. In March, decreases slightly until reaching its minimum value close to 8.70 g kg−1 at 16 LT.
The differences between moisture content between 2 and 29 m is higher in March than in July.

The diurnal cycle of vertical profiles for water mixing ratio during July (Figure 7c showed that at
night hours and early morning hours, were observed that the water vapor profiles become inverted
near the surface (below 6 m). At day hours, the water vapor remains almost constant with a slightly
inversion from 12 m up to 29 m. The vertical profiles of water mixing ratio along the day during March
(Figure 8c showed high negative slopes for all hours because of the transfer of moisture from the
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surface to the atmosphere. The negative slopes were higher at afternoon hours (13–17 LT) and lower at
early morning hours (01 LT–07 LT).

4.3. Wind Profiles and Momentum Flux

Figure 9a shows the diurnal cycle of wind speed during July. The minimums were observed
between 07 and 08 LT close to 0.5 m s−1 (1.0 m s−1) at 2.0 m (29.0 m) and the maximums were observed
around 18 LT close to 3.0 m s−1 (5.0 m s−1) at 2.0 m (29.0 m) (Table 3-columns 8 and 9). In contrast,
the diurnal cycle of wind speed during March (Figure 10a) showed minimum at 06 LT close to 0.2 m
s−1 (0.9 m s−1) at 2 m (29 m) and the maximums were observed around 15 LT close to 2.0 m s−1 (3.5 m
s−1) at 2.0 m (29.0 m).

The diurnal cycle of wind speed vertical profiles during July (Figure 7d) and March (Figure 8d)
showed the well-known almost logarithmic decay curve with low vertical gradients for all hours
and higher gradients and intensities at day hours. The maximums were observed at 17 LT close to
3 m s−1 (4.6 m s−1) at 2 m (29 m) in July and close to 0.2 m s−1 (0.8 m s−1) at 2 m (29 m) in March.
The minimums were observed at 07 LT close to 0.5 m s−1 (1.3 m s−1) at 2 m (29 m) in July and close to
0.2 m s−1 (0.8 m s−1) at 2 m (29 m) in March.

Figure 9. Diurnal cycle of mean monthly values and standard deviations of (a) wind speed (m s−1) at 2
and 29 m, (b) wind direction at 18 and 29 m (degrees) (c) soil temperatures (◦C) and (d) soil moisture at
2, 5, 10, 30 and 50 cm depth during July 2018.

The diurnal cycle of wind direction during July (Figure 9b) showed that during night and
early morning hours, the wind direction coming from the west and north-west (60◦ to 160◦)
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(Table 3-column 10) and during the day from the north-east and south east (−20◦ to 60◦). This change
of the wind direction along the day was associated with the mountain–valley circulation (Figure 1b).
The diurnal cycle of wind direction during March (Figure 10b) showed a similar behavior but with
lower amplitude and angles varying from −50◦ to 80◦.

Figure 10. Diurnal cycle of mean monthly values and standard deviations of (a) wind speed (m s−1) at
2 and 29 m, (b) wind direction at 18 and 29 m (degrees) (c) soil temperatures (◦C) and (d) soil moisture
at 2, 5, 10, 30 and 50 cm depth during March 2019.

Roughness length (z◦) is a measure of the aerodynamic roughness of the surface and depends on
wind speed. In order to estimate z◦ for the natural surface in the Huancayo observatory for the period
between May 2018–April 2019, we selected wind profiles under neutral conditions that fit with the
logarithmic equation shown in Equation (2) (Ri∼0) with a coefficient of determination (R2) higher than
0.99 and root mean square deviation (RMSE) lower than 0.05.

For instance, Figure 11 show the wind speed profile for three different times. The first z◦ is 0.24 at
1649 LT, the second z◦ is 0.1 at 1827 LT and the third is 0.8 at 1737 LT. For these cases it was observed
that the wind speed reach values between 4 and 7 m s−1 at 29 m high. Using the conditions mentioned
above we found 413 wind profiles that may be consider near neutral. It was estimated the median
of z◦ close to 0.20 m, with percentile 75% close to 0.42 and percentile 25% close to 0.11 (Equation (2)).
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For the friction velocity (u∗). Moreover, we estimated the median close to 0.29 m s−1, with percentile
75% close to 0.39 m s−1 and percentile 25% close to 0.22 m s−1.

Figure 11. Wind speed profile for neutral stability conditions of the atmosphere for (a) June 2 at 1649 LT,
u∗ = 0.34, z◦ = 0.24, (b) July 14 at 1827 LT, u∗ = 0.40, z◦ = 0.1, (c) August 28 at 1737 LT, u∗ = 0.59,
z◦ = 0.080.

4.4. Soil Temperature and Soil Moisture

The diurnal cycle of the mean monthly soil temperatures at 2, 5, 10, 30 and 50 cm depth during
July (Figure 9c) showed that the near surface temperature (2 cm depth) variation is wave-like with
minimum close to 5 ◦C at 07 LT (Table 4-column 8) and maximum close to 38 ◦C at 14 LT in July and
with minimum close to 13 ◦C at 06 LT and maximum close to 33 ◦C at 14 LT in March. For the other
depths, the soil temperature amplitudes were decreasing and the times of maximum and minimum
temperature were lagged (shift to the right in time). At 50 cm the soil temperature is almost constant
during the entire day with a value close to 15 ◦C in July and to to 20 ◦C in March.

The diurnal cycle of the mean monthly soil moisture at 2, 5, 10, 30 and 50 cm depth during July
(Figure 9d) and March (Figure 10d) showed that the behavior of the near surface moisture (2 cm depth)
was similar to the soil temperature (wave-like variation) with minimums close to 5% at night and
early morning hours (Table 4-column 9) and maximums close to 7% at noon. For the other depths,
the moisture amplitudes were decreasing and the times of maximum and minimum temperature were
lagged (shift to the right in time). In July, at 50 cm the soil moisture was almost constant during the
entire day with a value close to 20%. In contrast, in March the soil moisture showed close values
between 20% at 2 cm depth and 25% for the other depths.

4.5. Land Surface Temperatures and Albedo

The diurnal cycle of mean monthly LST (Section 3.4) for July (Figure 12b) and March (Figure 12d)
showed minimum LST values close to 2.5 ◦C (9.78 ◦C) at 06 LT in July (March) and maximum close
to 29 ◦C at 14 LT for both months. The diurnal thermal amplitude of soil was greater in July than in
March. In July during night hours the difference between the air temperature at 2 m (T2) (Figure 5a)
and LST was positive (the air is warmer than LST) between 0 ◦C and 1.0 ◦C but during day hours this
difference (T2-LST) reached negative values between −1.5 ◦C at early morning and −11 ◦C around
noon. In contrast, in March during night hours the difference between the air temperature at 2 m (T2)
(Figure 6a) and LST was negative (LST is warmer than the air) around −1.4 ◦C and during day hours
this difference (T2-LST) became more negative with values between −1.5 ◦C at early morning and
−12 ◦C around noon.
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Figure 12. Diurnal cycle of mean monthly and standard deviations of LW irradiance components
(W m−2) during (a) July 2018 and (c) March 2019. Diurnal cycle of mean monthly surface
temperatures (◦C) during (b) July 2018 and (d) March 2019.

On the other hand, the diurnal cycle of surface albedo between 10 LT and 15 LT during February,
July and October are shown in Figure 13c. In February, the surface albedo had values around 0.15,
in July around 0.21 and in October close to 0.18. The surface albedo is a measure of how much SW
irradiance that hits a surface is reflected without being absorbed. Therefore, the seasonal cycle of mean
monthly SW irradiances during March (Figure 13a) and October (Figure 13b) explain the seasonal
cycle of the surface albedo.

In March, the Global SW irradiance reached maximum close to 890 W m−2 at noon and the
reflected SW irradiance reached maximum close to 120 W m−2. But in October the Global SW
irradiance reached maximum values close to 910 W m−2 at noon and the reflected SW irradiance has
maximum values close to 180 W m−2. Moreover, in July the Global SW irradiance reached maximum
close to 750 W m−2 at noon but the reflected SW irradiance had maximum close to 160 W m−2 which
increased the value of surface albedo up to 0.21.

The surface albedo also depends on the state of the soil and vegetation which are functions of
the amount of moisture and precipitation. Figure 13d shows the mean monthly and maximum daily
accumulated precipitation during 2018. A well-defined seasonal cycle with maximum precipitation
was observed between January and March (summer) and minimum between June and August (winter)
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with significant rainfall between September and December (spring). The maximum mean (maximum)
daily accumulated precipitation occurred in January with a value close to 5 mm (40 mm) and the
minimum occurred in June with a value close to 0 mm (3 mm).

Figure 13. Diurnal cycle of mean monthly values and standard deviations of SW irradiance components
(W m−2) for (a) February 2018 and (b) October 2018. (c) Diurnal cycle of mean monthly values of
albedo for July, October and March. The values were calculated for zenith angles less than 70◦ covering
an interval of 6 h from 09 to 15 LT. (d) Mean monthly and maximum daily of accumulated precipitation
(mm) during 2018 registered by in situ pluviometer.

4.6. Energy Fluxes and Stability

The diurnal cycle of mean monthly turbulent energy fluxes (QH and QE) during July (Figure 14c)
shows that at day hours was observed an important predominance of QH with values close to
250 W m−2 in comparison with QE with values around 30 W m−2 at 14 LT. At night and early morning
hours (Table 4-column 2 and 3), QH presents negative values close to −25 W m−2 and QE close
to zero with slightly negative values from 01 LT to 06 LT. In contrast, at day hours during March
(Figure 15c) was observed a predominance of QE with values around 300 W m−2 in comparison
with QH with values around 230 W m−2 at 13 LT. However, at night hours and early morning hours
(Table 4-column 2 and 3), QH presented slightly negative values around −5 W m−2 and QE presented
positive values around +15 W m−2 from 01 LT to 6 LT.

The diurnal cycle of momentum flux during July (Figure 14d) shows that the maximum value is
close to 0.2 N m−2 at 15–16 LT. A similar pattern was observed for the momentum flux during March
(Figure 15d) but with maximum around 14 LT and minimum between 0.036 N m−2 and 0.050 N m−2

at early morning hours (Table 4-column 4).
Moreover, the diurnal cycle of mean monthly Ri during July (Figure 14d) shows that at day

hours were observed negative values with minimum close to −1.8 at 10 LT and during the night
were observed positive values with maximum close to 0.1 at night and early morning hours
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(Table 4-column 5). In contrast, the diurnal cycle of mean monthly Ri during March (Figure 15d)
shows positive values only after sunset until 20 LT, next Ri becomes negative up to −0.2 at sunrise.

Figure 14. Diurnal cycle of mean monthly values and standard deviations of (a) SW irradiances
(W m−2), (b) Bowen ratio, (c) turbulent heat fluxes (W m−2), (d) momentum flux (N m−2) and
Richardson number during July 2018.

The diurnal cycle of mean monthly β during July (Figure 14b) showed high values around 8 with
two maximums of 14 at 1100 LT and 12 at 2100 LT. In contrast, the diurnal cycle of mean monthly β

during March (Figure 15b) shows low values with minimum close to 0 at 18 LT and maximum around
4 at 0 LT (Table 4-column 6).

The diurnal cycle of mean monthly soil heat flux (8 cm depth) during March (Figure 6d)
shows negative values between −8 W m−2 at 19 LT and −25 W m−2 at early morning hours
(Table 3-column 11) and positive values from 10 LT to 19 LT with maximum close to 54 W m−2 at 14
LT and minimum close to 5 W m−2 at 18 LT. A similar behavior is observed during July (Figure 5d)
with negative values between −8 W m−2 at 20 LT and close to −20 W m−2 at early morning hours
(Table 3-column 11) and positive values from 10 LT to 19 LT with maximum close to 48 W m−2 at 14 LT
and minimum close to 2 W m−2 at 19 LT.
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Figure 15. Diurnal cycle of mean monthly values and standard deviations of (a) SW irradiances
(W m−2), (b) Bowen ratio, (c) turbulent heat fluxes (W m−2), (d) momentum flux (N m−2) and
Richardson number during March 2019.

4.7. Irradiance Fluxes

The diurnal cycle of mean monthly SW irradiance components during July (Figure 14a) shows
a predominance of the direct SW component (close to 520 W m−2 at noon) in comparison with the
diffuse SW component (close to 220 W m−2 at 14 LT). In contrast, the diurnal cycle of mean monthly
SW irradiance components during March (Figure 15a) shows an important reduction of direct SW
irradiance with values close to 450 W m−2 at noon similar to the diffuse SW irradiance. It is important
to note that November is the only month that presents significant values of SW irradiance components
at 06 LT with values close to 6.58 W m−2 for the net SW irradiance (Table 5).

The diurnal cycle of LW irradiance components during July (Figure 12a) and March (Figure 12c)
show that the emitted LW irradiance (upward LW) presents a diurnal cycle governed by the
temperature and emissivity of the surface with maximum close to 470 W m−2 for both months
at 14 LT and minimum close to 350 W m−2 in March and to 320 W m−2 in July at 06 LT. The incident
LW irradiance (downward LW) presents maximum close to 340 W m−2 at 18 LT in March and close to
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300 W m−2 at 14 LT in July and minimum close to 290 W m−2 in March at 08 LT and close to 270 W m−2

in July at 06 LT (Table 5).

4.8. Energy-Balance Components and Imbalance

The sensible and latent heat fluxes estimated by the bulk aerodynamic method and by the
Bowen-ratio energy-balance method (Section 3.3) were compared for the entire period of measurements
(May 2018–April 2019). For the sensible heat flux (QH) the comparison between both methods for
the total data with 1 min resolution (444,960 points) (Figure 16a) and for the hourly mean values
(7415 points) (Figure 16b) showed a good agreement.

For the total data, the coefficient of determination (R2) is 0.89 and the RMSE is 34.4 W m−2. For the
hourly mean values, the overall values of R2 is 0.83 and the RMSE is 47.0 W m−2. These RMSE values
are slightly higher than the instrumental accuracy of the Bowen-ratio energy- balance method [56].
The slope of the regression line is 0.98 and the intercept is 10.46 W m−2. The Figures showed that the
major departure of the regression line from the 1:1 line was observed for QH values above 300 W m−2.
These values of QH correspond to periods between 10 and 16 LT (Figure 14c).

For the latent heat flux (QE), the results also indicated a good agreement (less than the case of
QH) for the total data with 1 min resolution (444,960 data) (Figure 16c) and for the hourly mean values
(7415 data) (Figure 16d). For total data, the coefficient of determination (R2) is 0.89 and the RMSE is
23.3 W m−2. For hourly mean values, the overall values of R2 is 0.81 and the RMSE was 33.8 W m−2.
The slope of the regression line is 0.94 and the intercept was 2.12 W m−2. The Figures showed that the
major departure of the regression line from the 1:1 line was observed for sensible heat values above
250 W m−2. These values of QH correspond to periods between 10 and 16 LT (Figure 15c).

Figure 16. Scatter plots for overall comparison between sensible heat flux estimated by aerodynamic
technique (QH Aerodynamic) and Bowen ratio energy-balance method (QH Bowen) for (a) total
data (1 min) and (b) Hourly mean values between May 2018 to April 2019. In (a) the color scale
indicates the density of points. In (b) the grid line indicates the line of the regression with equation:
Y = 0.98 X + 10.46. The same than (a,b) but for the latent heat flux (QE) for (c) total data (1 min) and (d)
Hourly mean values. In (c) the color scale indicates the density of points. In (d) the green line indicates
the line of the regression with equation: Y = 0.94 X + 2.12.

The daily cycle of the mean monthly values of the energy-balance components for March, July
and October are shown in Figure 17a–c, respectively. At noon, the maximum mean monthly Q∗
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was found in November (660 W m−2) and the minimum in July 450 W m−2. During night hours,
the mean monthly Q∗ reach values between−60 and−50 W m−2 for all months. In fall–winter months
(May-September), the values of QH exceed QE with values between 200 and 300 W m−2 for QH and
between 25 and 100 W m−2 for QE around noon.

In contrast, for summer months (February–April) the values of QE exceeded QH with values
between 250 and 300 W m−2 for QE and between 180 and 220 W m−2 for QH around noon. In spring
months (October–January) both turbulent fluxes (QH and QE) had similar values close to 250 W m−2.
The daily cycle of QG showed a wave-like form with maximum between 130 W m−2 (April) and
240 W m−2 (September) around 11 LT and minimum between −50 W m−2 (April) and −150 W m−2

(September) around 18 LT. Moreover, during early morning and night hours, the loss of Q∗ was most
effectively replenished by conduction upwards from the soil (QG) being the convective contribution
from QH and QE least effective (around 20 W m−2). For all months QG became close to zero
around 15 LT.

Figure 17. Daily cycle of the mean monthly values and standard deviations of the energy-balance
components: net irradiance (Q∗), sensible heat flux (QH), latent heat flux (QE), ground heat flux (QG)
and of the imbalance term (Imb) for (a) March 2019, (b) July 2018 and (c) October 2018.

The diurnal cycle of the mean monthly imbalance term (Equation (14)) during March, July and
October also are shown in Figure 17a–c, respectively. For all months, after sunrise the imbalance
became negative with minimums between −50 W m−2 and −80 W m−2 around 07 and 08 LT, next
the imbalance increased up to values between −50 W m−2 and 0 W m−2 in March. However, in July,
the imbalance becomes close to 0 W m−2 from 11 LT and remained with this value along the night.
Finally, in October, the imbalance increased after 07 LT up to values up to values close to +50 W m−2

around 13 LT.
Later, in afternoon hours the imbalance continuously decreased up to values close to zero at

night hours. Scatter plots for overall comparison between available energy (Q∗ − G) and the sum of
latent heat and sensible heat (QE + QH) are shown in Figure 18a for all data with 1 min resolution
(444,960 data) and Figure 18b for the hourly mean values (7415 data). For all data, the coefficients of
determination (R2) is 0.89 and the RMSE is 53.2 W m−2. For the hourly mean values, the overall values
of R2 is 0.82 and the RMSE is 73.9 W m−2. The slope of the regression line is 0.98 and the intercept is
10.24 W m−2. The major departure of the regression line from the 1:1 line was observed for QE + QH
values above 250 W m−2. These values of QE + QH correspond to periods between 10 and 16 LT
(Figure 17). The discussions of all results are presented in Section 5.
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Figure 18. Scatter plot for overall comparison between available energy (Q∗ − G) and the sum of
latent heat and sensible heat (QE + QH) for (a) total data (1 min) (R2 = 0.86; RMSE = 52.5 W m−2) and
(b) Hourly mean values (R2 = 0.83; RMSE = 68.9 W m−2) between May to September (2018). In (a) the
color scale indicates the density of points. In (b) the green line indicates the line of the regression with
equation: Y = 0.98 X + 11.13.

5. Discussions

5.1. Air Temperature

According to the results presented in Section 4.1, during winter months, at night and early
morning hours, the surface boundary layer presented stable conditions with positive lapse rates around
+0.25 ◦C m−1 and Richardson numbers close to 0.1, which were generated when the surface cooled
down to a temperature below that of the air above mainly due to the strong negative net LW irradiance
(between −50 and −60 W m−2) caused by the low water vapor content, low precipitation, and low
cloud cover, producing a ground-based radiation inversion. During these hours, the sensible heat
flux (QH) was negative, coming more intense in June and July (close to −25 W m−2). This divergence
extended the cooling to affect a depth of around 30 m just before sunrise. The minimum mean monthly
temperature at 2 m was found in July at 07 LT (1.8 ◦C). These results agree with previous studies that
found the most frequent frost events (below 0 ◦C at 2 m) in the Huancayo observatory during June
and July [19].

On the contrary, during summer months at early morning hours, the surface boundary layer
presented slightly unstable conditions with a negative Richardson numbers between −0.2 and −0.5
due to an increase in the net SW irradiance (maximum around 50 W m−2 ) and the net LW irradiance
(around −35 W m−2) that are caused by an increase in the water vapor content and precipitation and
cloud cover. At these hours, QH neared zero (around −5 W m−2), which leads to a decrease in the
temperature differences between the surface and the higher atmosphere. The maximum mean monthly
temperature at early morning hours was calculated in March at 07 LT (8.71 ◦C). For transition seasons
(fall-spring), moderate unstable conditions of the atmospheres with a lapse rate below 0.18 ◦C m−1

were observed. After sunrise, the surface net irradiance (Q∗) became positive (Figure 17) and the air
temperature reached its maximums between 18 ◦C and 20 ◦C around 16 LT for all months. Continued
QH convergence in the lowest atmosphere generates a deep unstable surface boundary layer with
the maximum close to −0.25 ◦C m−1 and Ri between −1.5 and −1.9, around 10 LT for all months.
This condition generates an upward QH that converges into the lowest air layer with the maximum
values between 250 W m−2 (July) and 300 W m−2 (March) at 14 LT.

5.2. Air Moisture

The exchange of moisture between the surface and the boundary layer determines the humidity
quantified as water mixing ratio. According to the results in Section 4.2, during winter months (June to
August), at night and early morning hours, the water vapor vertical profiles become inverted near the
surface below 6 m so that the vapor is transferred downwards as dewfall. This process depletes the
moisture in the lowest layers and leads to a decrease in humidity. The water mixing ratio presented
low values around 5 g kg−1 and QE slightly negative values close to zero, indicating the formation of
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dewfall favored by the observed low wind speeds close to 0.5 m s−1 at 2 m. On the contrary, in summer
months, the water vapor vertical profiles showed negative slopes at night and early morning hours,
as a consequence of the transfer of moisture from the surface to the lower atmosphere caused by high
precipitation rates during these months (Figure 13d). The water mixing ratio presented high values
between 8.5 g kg−1 and 9.5 g kg−1; QE also shows important positive values close to 20 W m−2, which
indicate a flux of water directed upward from the surface to the lower atmosphere.

In winter months, at day hours, the vapor vertical profiles remained almost constant with a
slight increment from 12 to 30 m, probably due to the moisture from the south-easterly winds of
the mountain valley circulation. After sunrise, the water vapor mixing ratio increases because of
the addition of moisture due to the evapotranspiration of surface water into a moderately unstable
atmosphere and reaches its maximum values between 5.5 and 6.5 g kg−1 at around 10 LT. By early
afternoon, between 12 and 15 LT, the moisture content drops slightly in the surface boundary layer,
probably due to dilution in mixture with dry air masses that descends from above as a result of the
convective activity penetrating the top of the boundary layer. The continentality and altitude of the
Huancayo observatory intensify these phenomena because regional air masses are dry and surface
heating is strong, especially in fall–winter months, due to the absence of clouds. In the late afternoon,
the surface boundary layer becomes stable because the surface cooling is strong and, as a consequence,
has the ability to transport vapor to higher layers at a rate lesser than at which it continues to be added
from the surface. As a result, moisture convergences into the lowest layers and a second humidity
maximum is observed at around 20 LT; humidity declines into the night period.

In contrast, in summer months, at day hours, the water vapor vertical profiles show higher
negative slopes than during the night with values close to −0.16 g kg−1 m−1, because of the upward
vapor being transported by eddy diffusion. The water vapor mixing ratio presents a similar behavior
than that in winter months but with higher values between 9 and 10 g kg−1 in the day. Coinciding
with the minimum temperatures, the diurnal cycle of RH reaches its maximum between 06 and 07
LT for all months with the minimums in July (∼75%) due to a low amount of moisture with values
close to 4.5 g kg−1 and the maximum in March (∼90%) due to a high amount of moisture with values
around 9.5 g kg−1 at 2 m. The vertical profiles of RH present strong negative lapse rates at night hours
and slightly positive lapse rates at day hours for all months.

5.3. Wind Speed and Momentum Flux

The orientation of the Mantaro Valley from north-west to south-east favors the formation of
local winds as a result of thermal differences (mountain–valley circulation), mostly under cloudless
skies and weak synoptic conditions presented during fall–winter season in the Huancayo observatory.
According to the results presented in Section 4.3, the wind field in the surface boundary layer was
largely controlled by the underlying rigid surface that imposed frictional drag on the wind flow. As the
surface approaches, the drag retards its motion close to the ground, which gives rise to a sharp decrease
in the mean horizontal wind speed. This decrease with height was found to be greater for strong winds,
around 17 and 18 LT, for all months. In winter months, the minimum wind speeds were observed
around sunrise (06 LT) with values close to 0.5 m s−1 at 2 m. These values of wind speed favored the
formation of dewfall during the hour mentioned above. The maximum wind speeds were observed at
around 18 LT with values between 5.5 and 6 m s−1 in August. In summer months, the amplitude of
the wind speed in the day were seen to decrease with the minimums close to 0.2 m s−1 at around 06 LT
and maximums close to 2.0 m s−1 at around 15 LT. The flux of the momentum, which is a measure
of the force exerted by the wind flow, on the surface reached its maximum of about 0.2 N m−2 at the
moment of the highest vertical wind shear between 16 and 17 LT and minimum of around 0.036 N m−2

at 07 LT for all months.
By using the wind profiles in neutral conditions, the mean value of the roughness length (z◦ = 0.20)

and the mean value of the friction velocity (u∗ = 0.29 m s−1) were estimated. These values correspond
to the aerodynamic properties of crops at 0.5 m height. In general, neutral conditions were found
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under cloudy skies and strong winds because clouds reduced the radiative heating and cooling of the
surface and strong winds promoted mixing and did not permit strong temperature stratification to
develop; the lowest layers dominated forced convection due to eddies generated by friction with the
surface. For the Mantaro Valley, these conditions are predominant between 16 and 19 LT for all months.

5.4. Soil and Surface Temperature and Moisture

According to the results presented in Section 4.4, heat transfer and thermal properties of soils
are governed mainly by the volumetric heat capacity related to the ability of a substance to store heat
and express the temperature change produced due to gaining or losing heat. The volumetric heat
capacity is affected by different soil properties, especially soil moisture. In winter months, the near-soil
temperature variation (2 cm deep) was found to be wave-like with the maximum around 38 ◦C at
14 LT and the minimum close to 5 ◦C at 07 LT. The wave was seen to penetrate downward to lower
depths (5, 10 and 30 cm); however the amplitude decreased and the time periods of maximum and
minimum temperature shifted to the right in time. At a depth of 50 cm the soil temperature was almost
constant in the day with values around 16 ◦C. The soil moisture behavior was similar to that of the soil
temperatures for all depths with lower values near the surface (5% to 10%) and higher values at greater
depths (20–24%). In contrast, in summer months, the amplitude of the near-soil temperature (2 cm
depth) was found to be lower with the maximum around 30 ◦C at 14 LT and the minimum around
12 ◦C at 06 LT. At a depth of 50 cm, the soil temperature was almost constant along the day with values
around 16 ◦C. The soil moisture also presented lower amplitudes with closer values between 21% and
24% at a depth of 2 cm and around 26% for the other depths.

According to the results presented in Section 3.4, the LST estimated using the LW irradiance
components was found to be associated to uncertainties in the range of 2–3 ◦C [16] mainly because
of the sensitivity of the long-wave radiation sensor and the uncertainty of the emissivity. In winter
months, at night hours, the T2-LST had positive values between 0 and 1 ◦C, which are small compared
to the uncertainty of LST, indicating the presence of slightly stable stratification of the surface boundary
layer as average condition for the Mantaro Valley. In contrast, in summer months, T2-LST had small
negative values of around −1.4 ◦C, indicating the presence of neutral or slightly unstable conditions
in the lower atmosphere during the night. On the contrary, at day hours, T2-LST was negative with
between −1.5 ◦C after sunrise and −12 ◦C at noon for all months, indicating the presence of highly
unstable conditions of the surface boundary layer.

On the other hand, the surface albedo that depends on the state of the soil and vegetation presents
a well-defined seasonal cycle estimated over the period from 10 to 17 LT. The lower values of the surface
albedo were observed in rainy summer months (around 0.15) while the higher in dry winter months
(around 0.21). Intermediate values (close to 0.18) were observed in transient seasons (fall-spring).
This seasonal cycle of the surface albedo was found to be associated with the content of moisture of
the natural vegetation canopy that depends entirely of the seasonal cycle of the rainfall that falls on the
surface (Figure 13d). The Bowen ratio (β) also presents a well-defined seasonal cycle with the highest
values in the dry winter months between 6 and 14 and lowest values in rainy summer months with
values between 2 and 5. Again, intermediate values (between 2 and 10) were observed in transient
seasons (fall-spring). These values of β are consistent with the seasonal variation of QE and QH and
show the prevailing conditions above the Huancayo observatory were semi-arid in spring–summer
months and arid in fall–winter months. It should be noted that these values of β can be sub or
overestimated due to the errors associated with the profiles methods to estimate turbulent energy
fluxes and because the method does not into account the imbalance components of the energy budget.

5.5. Energy-Balance Components and Imbalance

According to the results presented in Section 4.8, the most important difference between the
aerodynamic method and the Bowen-ratio energy-balance method to estimate the turbulent energy
fluxes is that the latter presumes a perfect balance between the traditional energy-balance elements
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while the former allows the existence of imbalance terms because it does not assume a perfect
balance. However, it should be noted that both are approximate methods, and a better estimation of
turbulent energy fluxes (QH and QE) is by using an eddy covariance equipment, as verified by several
studies [10,15,16,18,57]. Despite this, as the first approximation, the imbalance term in Equation (14)
was estimated by using the turbulent energy-balance fluxes using the aerodynamic method.

In this context, the comparison between the QH and QE made by the two methods shows a good
agreement with the coefficient of determination (R2) above 0.8 and the RMSE between 10 W m−2 and
30 W m−2 for both QH and QE. Moreover, the slope of the regression line between the two methods
is greater than 0.94, and the intercept has values between 2 W m−2 and 10 W m−2. The comparison
between the available energy (Q∗ − QG) and the turbulent energy fluxes estimated by the aerodynamic
method (QH + QE) also shows a good level of agreement similar to the made between the individual
terms (R2 > 0.8 and slope of the regression line above 0.95).

The components of the energy budget showed a seasonal and daily variation. The exact
partitioning of Q∗ between QH , QE, and QG was governed by the relative abilities of the soil and
the atmosphere to transport heat and the physical properties of the surface. At noon, the mean
monthly value of Q∗ reached its maximum in November (660 W m−2) and its minimum in July
(450 W m−2). In fall–winter months, the mean monthly value of QH (maximum close to 300 W m−2 at
noon) exceeds the mean monthly value of QE (maximum close to 100 W m−2 at noon) due to the poor
soil moisture available during this period. On the contrary, in spring–summer months, the opposite
occurred; the mean monthly value of QE (maximum close to 300 W m−2 at noon) exceeded the mean
monthly value of QH (maximum close to 220 W m−2 at noon) because of the high precipitation that
occurred during this period (Figure 13d), which enhanced the soil moisture availability in the Mantaro
valley. Moreover, the nocturnal Q∗ loss is most effectively replenished by QG than by the turbulent
fluxes. This effect is more evident in winter months when QE is almost insignificant at night and the
atmosphere is stratified due to the low surface temperatures and low soil moisture.

The imbalance term (Equation (14)) also showed a seasonal and daily variation. For all months,
after sunrise the imbalance became negative with values between −50 W m−2 and −80 W m−2. Next,
the imbalance increased up to reach positive values with the minimum close to zero (July) and the
maximum close to +50 W m−2 (October). Apart from the instrumental errors and the errors associated
with the methods to estimate turbulent energy fluxes, these values for the imbalance can be seen due to
the long-lasting terrain heterogeneities on the hectometer (100 m) scale [15,16]. The surface on which
the sensors measured the meteorological variables is a natural vegetation canopy that it is not irrigated
at any time of the year. In contrast, surrounding this natural canopy, there are several cultivated fields
and small woods that are frequently irrigated (Figure 1c). This contrast can explain a significant part of
the imbalance, especially after sunrise and at noon, as the temperature gradients may generate motions
that last longer than the averaging time of the turbulent fluxes [15,16]. Moreover, the mountain–valley
circulation can also contribute to the enhance of the advective process of energy [58]. However,
more conclusive evidence is needed to verify these hypotheses by performing experiments specifically
designed to estimate the sign of the advection term.

6. Conclusions

The present study conducted a detailed analysis of the diurnal and monthly cycles of the surface
boundary layer and, surface energy balance in a sparse natural vegetation canopy on the Huancayo
observatory (12.04◦ S, 75.32◦ W, 3313 m asl) located in the central Andes of Perú (Mantaro valley)
during an entire year (May 2018–April 2019). According to the results and discussions presented
above, the following conclusion was made:

The period of minimum mean temperature and the high stable conditions of the the surface
boundary layer occurred at early morning hours (between 06 and 07 LT) of fall-winter months
(May–July). This period coincided with that of the highest negative net irradiance (SW + LW), highest
positive Richardson number, lower vapor content and absence of precipitation in previous days. There
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is also a great divergence in sensible heat flux (QH), which extends the cooling effect up to a depth of
above 30 m before sunrise. On the contrary, the maximum mean temperature has less pronounced
seasonal variability, with maximum intensities in spring months (September -November) at around 16
LT and highly unstable conditions at 11 LT. During these hours, high convergence of sensible heat flux
(QH) with maximums at 14 LT were observed for all months.

The transfer of water as dewfall at night and early morning hours of winter months was evident
by the inversion of the water vapor vertical profiles below 6 m, by the slightly negative values of latent
heat flux (QE), and the low wind speeds that favored the formation of dewfall. In contrast, in summer
months, at night and early morning hours, the water vapor vertical profiles showed negative slopes
due to the transfer of moisture from the surface to the lower atmosphere, which is caused by high
precipitation rates, high values of water mixing ratio, and positive values of QE that indicate a flux
of water directed upward from the surface to the lower atmosphere. At day hours, the water vapor
vertical profiles were almost constant with the highest in winter months due to lower availability of
moisture. However, in summer months, the profiles presented strong negative slopes due to a high
amount of moisture in the surface and high values of QE.

A well defined mountain-valley circulation was seen to change from east and south-east at day
hours to west and south-west at night hours. This thermal circulation was more defined in fall-winter
months under cloudless skies and weak synoptic conditions. The maximum wind speeds were
observed between 17 and 18 LT while the minimum at early morning hours for all months. The mean
value of the roughness length (z◦) was estimated as 0.20 and the mean value of the friction velocity
(u∗) as 0.29 m s−1 using wind profiles in neutral conditions, which were found to be predominantly
between 16 and 19 LT under cloudy skies and strong winds for all months.

The observed variability of the soil temperature showed a well-known wave propagation with
higher amplitudes close to the surface and almost constant values at a depth of 50 cm with the
maximum at noon and the minimum at early morning hours. The amplitudes of temperature were
found to be higher in dry months than in wet months. This behavior was consistent with the diurnal
and seasonal cycle of the soil moisture content, which is low in dry months and high in wet months.
As a consequence, the highest specific heat capacity of water maintains the soil temperatures with
lower amplitudes during the day. The LST was estimated using the LW irradiance emitted by the
surface and incident from the atmosphere. The difference between air temperature at a depth of 2 m
and the LST (T2-LST) only presented positive values at night and early morning hours of winter
months, indicating the presence of stable stratification of the surface boundary layer as the average
condition. For diurnal hours, the difference (T2-LST) exhibited negative values, indicating the presence
of unstable conditions at the surface boundary layer. The surface albedo and the Bowen ratio (β)
showed a well defined seasonal cycle according to the characteristics of the soil and vegetation canopy.
The former was higher (lower) in winter (summer) months when the vegetation and the soil were
dry (moist) with values ranging from 0.15 to 0.21. In contrast, the Bowen ratio was higher (lower)
in summer (winter) months when the moisture availability caused by precipitation was high (low)
with values ranging from 2 to 14. The seasonal variation of β was consistent with that QE and QH .
According the variation of β, the prevailing conditions for the Huancayo observatory were semi-arid
during wet months and arid during dry months.

Besides the differences between both profiles methods to estimate the turbulent energy fluxes
(QE and QH) based on the assumption (or not) of perfect energy balance between the traditional
components, the comparison between the two methods (aerodynamic and Bowen ratio energy
balance) shows a good level of agreement with R2 above 0.8 and RMSE between 10 and 30 W m−2.
The partitioning of Q∗ was governed by the relative abilities of the soil and the atmosphere to transport
heat and by the physical properties of the surface canopy. In winter months, a strong predominance
of QH in relation with QE was observed, and in summer months the opposite was seen, mainly
due to the seasonal cycle of precipitation and moisture. Moreover, the imbalance term showed a
seasonal and daily variation probably associated with the surface long-lasting terrain heterogeneities
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at the hectometer (100 m) scale around the Huancayo observatory, which led to the advective process
of energy enhancement by the mountain valley circulation. However, more conclusive evidence is
required to verify these hypothesis by performing experiments specifically designed to estimate the
sign of the advection term.
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