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a b s t r a c t

Summertime observations of surface radiation budget, energy balance and atmospheric surface layer
meteorology were made on an arid valley floor planted with Haloxylon aphyllum to combat desertifi-
cation in central Iran. The surface microclimate is characterized and compared with other arid regions
and the role of ‘desert greening’ on surface fluxes is considered. A high surface albedo (0.265) and large
longwave radiation loss produced relatively low net radiation. Energy partitioning was dominated by
sensible and ground heat fluxes with opposing diurnal asymmetry governed by strong diurnal variability
in eddy diffusivity. The Bowen ratio was 2.53, which fell inside the range of other vegetated arid surfaces.
Surface temperature gradients were strong both in the atmospheric surface layer and in the substrate,
with consistent lapse conditions by day and inversions at night. The wind regime included a moderate
daytime regional wind which displayed Coriolis turning and weaker nocturnal slope flows. Actual
evapotranspiration (1 mmdy�1) was only a small fraction of potential evapotranspiration. The diurnal
pattern of AET indicates strong stomatal control. The desert greening effect of Haloxylon plantations
provided atmospheric water and reduced sensible heat flux by up to 40%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Arid and semi-arid landscapes cover approximately one third of
Earth’s surface and provide an extreme thermal and hydrological
boundary to the atmosphere. Despite such challenges for life, they
provide habitat for a wide range of flora and fauna including more
than one-fifth of the world’s human population. Much of this
population lives at the edge of agricultural sustainability where
anthropogenic pressure can lead to severe land degradation, esti-
mated to be currently present on 10e20% of the global dryland area
(Reynolds et al., 2007). Furthermore, increases in aridity of many
tropical and subtropical regions over this century are predicted due
to anthropogenic global climate change (IPCC, 2007).

Understanding desert microclimates, especially exchanges of
radiation, heat and water between the surface and atmosphere is
critical for parameterization of surface schemes in global climate
models as well as regional and forecasting models for improved
climate and weather predictions. Despite their extensive global cov-
erage and diversity of surface characteristics, arid environments have
: þ1 415 338 6243.
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received relatively little observational attention to underpin param-
eterization of surface schemes. To date most observations of surface
microclimates in arid environments have takenplace in Australia (e.g.
Cleugh and Roberts, 1994; Beringer and Tapper, 2000; Sturman and
McGowan, 2009), North America, (e.g. Vehrencamp, 1952; Malek
and Bingham, 1997; Kustas et al., 2000; Prater and DeLucia, 2006)
and South America, especially Chile (e.g. Kampf et al., 2005; Kalthoff
et al., 2006). Particularly little observational evidence exists of
Middle Eastern arid environments, with the main exception being
Israel (e.g. Heusinkveld et al., 2004).

This paper presents thefirstmicroclimate observations from Iran,
focusing on a dune stabilization site near Yazd in an arid region of
central Iran. The objectives of the study are to characterize the
summertime surface radiation budget, energy balance and atmo-
spheric surface layer meteorology, to compare these with observa-
tions fromother aridenvironments, to examine the roleof vegetation
planted for dune stabilization on thewater vapor flux and to test the
use of existing empirical energy balancemodels in this environment.
While a few studies have focused on microclimates of areas threat-
ened by desertification (Grunwald et al., 1996) or microclimate
impacts of non-native invasive species in semi-arid environments
(Prater and DeLucia, 2006), we are not aware of any studies that
investigate microclimates of ‘desert greening’ environments.
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The surface energy balance of a vegetated surface is conve-
niently expressed in terms of the energy transfer into and out of
a control volume including the vegetation, the canopy-air space
and a layer of substrate deep enough to exclude heat transfer
through its bottom, following (Oke, 1987):

QN ¼ QH þ QE þ DQS þ QA (1)

where QN is net all-wave radiation through the top of the volume,
QH is sensible heat flux, QE is latent heat flux (both turbulent fluxes
through the top of the volume), QA is the advective heat flux
through all sides of the volume and DQS is the storage heat flux
within the volume. QN is made up of the balance of four radiation
components in two wavelength bands;

QN ¼ KN þ LN ¼ KY� K[þ LY� L[ (2)

where K is shortwave or solar radiation and L is longwave or
thermal infrared radiation, the arrows indicate the direction of
radiative flux relative to the surface and N refers to net exchange at
the surface for a given wavelength band.

QA is neglected in many energy balance studies by siting
instruments with a sufficiently homogenous and expansive upwind
fetch so as to assume that horizontal exchanges of energy are
negligible. Methods, definitions and assumptions used to deter-
mine DQS have varied widely but McCaughey and Saxton (1988)
defined it comprehensively as:

DQS ¼ QG þ Qa þ Qw þ Qv þ Qp (3)

where QG is the soil heat storage flux, Qa and Qw are the sensible
and latent heat storage fluxes in the air-column below the turbu-
lent flux measurement height, Qv is the biomass heat storage flux,
and Qp is the photosynthetic heat storage flux. Energy balance
studies in arid environments tend to neglect the last four terms
since biomass is typically low and measurements are made suffi-
ciently close to the surface so as to assume storage changes in the
air volume are negligible (e.g. Beringer and Tapper, 2000). Even in
large, densely vegetated forests QP was estimated to be extremely
small (Oliphant et al., 2004). This leaves QH, QE and QG as the
principal energy terms partitioned from QN in arid environments
assuming adequate spatial homogeneity to neglect advection.

Characteristics of the radiation budget in arid environments
include high KY relative to the latitude of the location due to
predominantly clear skies, high albedo (a) due to limited vegetation
cover, low soil moisture and high sand concentrations and large
thermal infrared radiation loss from the surface (L[) due to high
surface temperatures of bare ground. As a consequence of these
relatively high outgoing radiation terms, QN tends to be smaller
relative to the magnitude of KY compared with humid, vegetated
surfaces (e.g. Malek and Bingham, 1997; Sturman and McGowan,
2009).

Table 1 presents a comparison of normalized energy balance
partitioning reported in previous observational studies over
a variety of arid and semi-arid surfaces. First, this comparison
indicates that the partitioning of QN is commonly dominated by QH
and QG. With limited or no vegetation and soil water, QE is usually
a small term, often negligible. Further, the highest QE terms in this
comparison exist where vegetation is present, indicating the
importance of vegetation in the hydrologic cycle of arid environ-
ments and its role as a feedback mechanism in desertification or
desert greening. Second, Table 1 indicates that very large variability
exists betweenmicroclimates in different arid regions and evenover
small spatial scales within a region (e.g. Kampf et al., 2005) due to
diversity of arid surfaces. This means that surface scheme para-
meterizations derived from one arid region cannot be accurately
generalized for all arid regions. It is important to note that the
relativemagnitude ofQG depends on the timing and length of period
of observation which varies significantly in the studies synthesized
in Table 1, which range from a few days tomore than one year. Long
term studies have shown that QG tends toward zero in sum over the
annual cycle (Malek and Bingham, 1997; Oliphant et al., 2004).

Another common finding of energy balance components in arid
areas is diurnal asymmetry in the relative magnitudes of the two
dominant energy balance terms (QH and QG), where QG tends to
peak mid-morning to mid-day and QH tends to peak mid afternoon
(e.g. Cleugh and Roberts, 1994; Beringer and Tapper, 2000;
Oliphant, 2000; Oliphant et al., 2007; Sturman and McGowan,
2009). This is because the thermal diffusivities of the two terms
are driven by different processes. The transport mechanism for
QG is thermal conductivity through the substrate material, which
changes little over time (unless soil moisture changes or soil dis-
turbance occurs). The transport mechanism for QH is eddy diffu-
sivity which is dependent on the magnitude of turbulence near the
surface. Since wind speed and turbulence typically peak in
mid afternoon, energy is more effectively removed from the surface
as QH relative to earlier in the day, leaving QG to peak earlier
(Oke, 1987).

The closing of the surface energy balance (SEB) is a theoretical
requirement of the first law of thermodynamics. Failure of obser-
vations to close the energy balance is typical and points to insuf-
ficiencies in the experimental set-up, the sensors, or to incomplete
measurement of all energy flux terms. Several researchers have
suggested lack of closure to be a problem of instrumentation,
especially the underestimation of fluxes by the eddy covariance
approach (Wilson et al., 2002; Oliphant et al., 2004). However,
Foken (2008) suggested it was related to exchange processes
operating on different scales within heterogeneous landscapes.
Most of the studies in Table 1 reported a lack of energy balance
closure, although these tended to be small (<10%) compared with
more densely vegetated surfaces (see Wilson et al. (2002) for
a useful comparison of SEB closure between different vegetation
types). Most of the studies in Table 1 used the eddy covariance
measurement approach but only about half of them had homoge-
neous surfaces. Compared with humid environments, the QG term
shows very high diurnal amplitude in arid environments and
therefore its measurement is relatively more important to SEB
closure. Both Cleugh and Roberts (1994) and Heusinkveld et al.
(2004) found different techniques to measure QG had a large
impact on SEB closure over uniform surfaces and Kustas et al.
(2000) found considerable spatial variability in QG in a Mesquite
dune site due to variability in shading by foliage in patchy vege-
tation and microtopography, both common features of arid and
semi-arid landscapes.

2. Physical setting and methods

The study site was located on the floor of a large arid valley
about 20 km north of the city of Yazd near the geographic center of
Iran (Fig. 1). The area lies on the western edge of the Dasht-e Lut
and southern edge of the Dasht-e Kavir, Iran’s two largest salt
deserts which cover a combined area of about 100,000 km2. The
Yazd valley is oriented NNWeSSE and the floor is approximately
1200 m above sea level. Valley sidewalls rise w1000 m above the
valley floor to the east about 20 km away andw1600 m to thewest,
about 30 km away. These ridges are branches of the broader Zagros
Mountain Range to the west and are dominated locally by Shir Kuh,
a 4050 m peak on the western ridge. The measurement site is a flat
valley floor, comprised of fine sand with dune microtopography of
1e2 m. In order to protect irrigated agriculture and a city of half
a million inhabitants (Yazd) from encroachment of sand from the



Table 1
Energy balance partitioning found in previous observational studies in arid and semi-arid environments.

Source Location and site description QH/QN QE/QN QG/QN b

Sturman and McGowan (2009) Clay pan, east-central Australia 0.56 0.11 0.08 5.02
Malek et al. (1990) Playa, Great Salt Lake Desert, Utah, USA 0.73 0.30 0.02 2.5

Vegetated playa margin, Great Salt Lake Desert, Utah, USA 0.28 0.67 0.049 0.43
Laymon and Quattrochi (2004) Goshute Valley, Great Basin Desert, Nevada, USA 0.69 0.21 �0.23 3.43
Kampf et al. (2005) a Salar de Atacama, Chile: Rough Halites (4 sites) 0.34e0.66 0.001e0.019 0.59e0.66 17.5e100

Salar de Atacama, Chile: Border crusts (4 sites) 0.23e0.5 0.02e0.31 0.4e0.71 0.75e22
Salar de Atacama, Chile: Vegetated surface (2 sites) 0.3e0.54 0.19e0.38 0.31e0.33 0.8e2.8

Cleugh and Roberts (1994) Sparsely vegetated desert, central Australia 0.77 0.18 �0.03 �25
Oliphant (2000) Sparsely vegetated intermountain basin, McKenzie Basin,

New Zealand (2 sites)
0.78e0.79 0.16e0.17 0.05 4.6e4.9

Oliphant et al. (2007) Frozen glacial till, Dry Valleys, Antarctica 0.43 0.21 0.10 2.02
Kalthoff et al. (2006) Natural vegetation, Elqui valley, Norte Chico, Chile 0.60 0.035 0.19b 11
Beringer and Tapper (2000) Sparse grassland, central Australia 0.75 w 0.25 N

Malek and Bingham (1997) Vegetated surface, Great basin desert, Nevada, USA 0.85 0.15 0 5.7

a Exact values not provided, estimates made from a bar graph of daily energy totals.
b Exact value not provided, calculated as a residual, since other terms and EB closure value provided.
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north, the valley floor has been extensively planted with black
saxaul (Haloxylon aphyllum). Saxaul is a woody C4 shrub with small
leaves and a deep pivotal root system that thrives in dry, saline and
sandy environments (Orlovsky and Birnbaum, 2002). It can be
found growing naturally across most of arid Asia from Mongolia to
the Caspian Sea and is used extensively for firewood, livestock
grazing and to combat desertification (Orlovsky and Birnbaum,
2002). Biological methods to reduce desertification in Iran have
been ongoing since 1959 and saxaul plantations cover some 20
million hectares of Iran, approximately 10% of this in Yazd Province
(Baghestani Maybodi et al., 2006). Within the source area for
micrometeorological measurements in this study, saxaul plants
were 1e2 m high, 1e3 m in diameter and plantedwith 3 m spacing,
producing a total surface cover of approximately 15e20%.

Meanmonthly temperature in Yazd ranges from 5.1 �C in January
to 32.4 �C in July, when mean monthly maximum temperature is
almost 40 �C. Mean monthly diurnal temperature range changes
little throughout the year and is approximately 14 �C. Mean annual
Fig. 1. Location maps for observational study site (indicated by a cross), located at N32.0
geopotential height (m) at the 1000 hPa level during the period August 20th to September
precipitation total is 56 mmandmost of this falls betweenDecember
andMaywhen it averages about 10 mmpermonth. The observations
for this study were made in August and September, 2006.

Observations weremade of the surface radiation budget, surface
energy balance and meteorological profiles to 12 m using a pair of
towers,12 m and 3 mheight separated bya distance of about 100 m.
The surface radiation budget was measured at the top of the 3 m
tower with a Q7 REBS net radiometer (REBS, Seattle, Washington),
a pair of Li-200 pyranometers (LiCor Instruments Inc., Lincoln,
Nebraska) facing upward and downward and an Everest4000
thermal infrared (TIR) radiometer facing the surface (Everest
Interscience, Tucson, Arizona, USA). The field of view of downward
pointing sensorswasmostly sandwith a little saxaul vegetation. The
Q7 measured QN directly, and the bidirectional pyranometers
measuredKY andK[with albedo found froma¼ K[/KY. As ameans
of comparisonwith solar radiation data observed at the surface, the
equivalent extraterrestrial solar radiation flux (Kex) was calculated
for each 30-min period after Oliphant et al. (2003),
11232, E54.190045 near Yazd in central Iran. Green contour lines represent average
3rd, 2006, based on NCEP reanalysis data.
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Kex ¼
�
I=r2

�
cos q (4)

where I is the solar constant (1370Wm�2), r is the ratio of the
Earth-Sun distance to its mean, and q is the solar zenith angle.

cos q ¼ sin Fsin dþ cos Fcos dcos h (5)

where F is the latitude of the site, d is the declination of the sun
(ranging to 23.5� either side of the equator), and h is the hour angle
of the sun from solar noon.

Unfortunately, the TIR radiometer ceased operating after only
a few days of the experiment. However, salvaged data were used to
perform a lag-dependent linear regression with sand temperature
at 2 cm as the independent variable to estimate surface skin
temperature (Tsurf). The optimal model (r2¼ 0.99, n¼ 452) was
found with a 100 min lag adjustment and was

Tsurf ¼ TS2þ100min � 1:64� 25:1 (6)

where TS2þ100 min is sand temperature measured by a T-type ther-
mocouple at 2 cm at 100 min after the equivalent surface temper-
ature. From surface temperature, the StefaneBoltzman equation
was used to derive L[ assuming an emissivity of 0.95 after Oke
(1987). Net longwave (LN) radiation was determined from
LN¼QN�KN and LY subsequently found by LY¼ LN� L[.

For part of the study period the top of the tower cast a shadow
over the upward pointing pyranometer for approximately 30 min
during mid-morning (0930e1000 LST). KY data from the period of
local shading were removed and data were gap-filled using
KY¼ K[/a. Since a was very consistent during daylight hours
(standard deviation was 0.01), this method was found to explain
99% of the variance in KY by linear regression (slope¼ 0.265). In
addition, since the sensor was completely shaded throughout one
of the 10 min averaging periods (0940e0950 LST), it was assumed
that the observed (shaded) KY value for this period approximated
the magnitude of diffuse beam solar radiation (KD) and that KYobs/
KYmod for this period approximated the diffuse fraction of solar
radiation (4). This provided a daily mid-morning KD and 4 value for
16 days of the study period.

Eddy covariance measurements of turbulent heat fluxes (QH and
QE) were made at 12 m with a CA27 one-dimensional sonic
anemometer with fine wire thermocouple and a KH20 krypton
hygrometer (Campbell Scientific Inc, Logan Utah). A second CA27
was deployed on the 3 m tower. The sampling frequency for the
CA27 s and KH20 was 10 Hz with 30 min blocks for covariance
calculations. A dry range (1.76e9.6 gm�3) calibration coefficient
was used for the KH20 and WPL and oxygen corrections were
applied to the measurements in post processing (Campbell and
Tanner, 1985; Leuning, 2004).

In calculating the ground heat storage term, as with previous
observations in arid environments, we assumed the last four terms
in Eq. (3) to be negligible and that DQSzQG. Thus DQS, which will
be more accurately termed QG henceforth, was determined using
a REBS heat flow transducer (REBS, Seattle, Washington) buried at
4 cm depth in the fine sand substrate with a T-type thermocouple
measuring sand temperature at 2 cm depth directly above the heat
flow transducer. QG was then determined by

QG ¼ QGðzÞ þ CS
DTs
Dt

z (7)

where QG(z) is the heat flow transducer buried at depth z (0.04 m),
Cs is the heat capacity of dry sand and DTs/Dt is the change in
substrate temperature over the (1800 s) time period, measured by
the thermocouple between the heat flow transducer and the
surface. Cs was derived from Cs¼ rb csd, where rb is the bulk density
of fine and dry sand and csd is the specific heat of dry sand. rb values
for dry sand tend to range from 1.5 to 2 Mgm�3 depending on sand
grain dimensions and shape. In this case the sand was in the fine
range of the spectrum so we used rb¼ 1.85 Mgm�3 after Vepraskas
(1988) and csd¼ 890 J kg�1 K�1 after Oke (1987). Heusinkveld et al.
(2004) and Cleugh and Roberts (1994) found energy balance
closure improved in two separate arid studies when heat flow
transducers were buried at a very shallow depth (1e2 mm) and the
heat storage term for the column above the transducer could be
ignored. In this study, this was not advisable due to frequent wind
disturbance of sediment which may have exposed part of the
transducer to solar radiation, thereby contaminating the
measurement. Unfortunately we only had one heat flow transducer
available and the degree to which the single QG measurement site
represented the source area of turbulent flux measurements is
likely to add significant uncertainty to the DQS term. Because of the
undulating surface microtopography and sparseness of vegetation,
the most representative site for a single sensor was deemed to be
on a horizontal surface within a clearing. This site selection may
have resulted in overestimation of QG due to lack of shading by
vegetation. Several past observational studies of QG have empha-
sized the need for multiple sampling sites to account for spatial
heterogeneity (e.g. Kustas et al., 2000). Hence our single sampling
site is a limitation of this study.

Air temperature, relative humidity (HMP45C, Vaisala, Helsinki,
Finland) and wind speed (A101M-L cup anemometer, Vector
Instruments, North Wales) were measured at 1, 3, and 12 m above
the surface and wind direction was measured at 12 m (W200P
wind vane, Vector Instruments, North Wales). Soil temperatures
were measured at 2 and 10 cm depths in the dry, fine sand
substrate using T-type thermocouples. Sampling frequency for
radiation and meteorological variables was 1 s with a 10 min
averaging period.

Data quality control was conducted by spike detection and
plausible bound fitting algorithms as well as visual inspection and
energy balance closure tests. The harsh environmental conditions
in this study as well as access difficulties lead to significant data
rejection, mostly due to periods of instrument failure. Wind
direction was used to reject turbulent flux data from the south to
southwest directions due to the presence of irrigated crops and
urban surfaces within the suspected flux source area. However,
most of the wind direction was from the north, east and west,
where the surface was representative of our study objectives and
the source area for QN and QG observations. Our broader analysis
focuses on the period when most instruments were operational
from August 9th (day of year (DOY) 222) to September 24th (DOY
268), 2006. Eddy covariance data were generally more limited both
by instrument failure and several periods of southerly flow, so we
focus more detailed analysis of the surface energy balance and
associated radiation budgets and atmospheric surface layer mete-
orology on a ‘golden’ 15-day period from August 20th (DOY 233) to
September 3rd (DOY 247).

3. Results and discussion

3.1. Meteorological conditions

Synoptic conditions during the observational period were
typical for the location and season, being dominated by high
pressure with strong subsidence and lack of clouds or precipitation.
Average geopotential height contours for the 15-day period of
detailed analysis (Fig. 1) reveal a consistent regional scale pressure
gradient from the Caspian Sea in the north to the Persian Gulf and
Gulf of Oman in the south. This is typical throughout the summer
months producing prevailing northerly winds over much of



Fig. 3. Ensemble hourly wind direction frequency and average wind speed (solid
squares) � 1 standard deviation (error bars) at 12 m from DOY 233e247, 2006 in Yazd,
Iran.
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southern Iran (Hossenzadeh, 1997; Zawar-Reza, 2008). Conditions
during the study period were consistently dry and warm with
moderate to strong winds (Fig. 2). Mean temperature at 3 m for the
period was 27.8 �C, mean daily maximum was 36.8 �C and mean
daily minimum was 16.7 �C. Mean daily wind speed at 12 m was
2.8 m s�1 and mean daily maximum wind speed (10 min average)
was 5.9 m s�1. Relative humidity averaged 13.4% with the lowest
recording being 3.9%. Near the end of the observational period,
a weak disturbance passed through the study site which included
the strongest winds (maximum for a 10 min average was 9.3 m s�1)
and produced significant cooling (daily average dropped 6.5 �C) and
a smaller increase in humidity (peak daily average was 32%). In
the following sections, we examine ensemble diurnal patterns
and statistics derived from the detailed period of analysis (DOY
233e247).

During the period of detailed analysis, sunrise occurred at about
0530, sunset at 1830 and solar noon at 1200, all local standard time
(LST¼UTCþ 3.5 h). Diurnal wind fields were very consistent by
day with moderate to strong NNW flow and weaker and more
variable flow at night from the east and west (Fig. 3). The daytime
flow was initiated about 0900 LST (3.5 h after sunrise and 1.5 h
after lapse conditions were established), peaked in strength at
1600e1700 LST and continued until about 1900 LST (shortly after
sunset). The daytime flow appears to represent the regional scale
pressure gradients and is potentially enhanced by a local-scale up
valley thermal circulation. Throughout the day, a very slow but
consistent directional veering to the right occurred, amounting to
approximately 30� over a 12 h period. This suggests the circulation
was sufficiently large and consistent to experience observable
Coriolis forcing. Since the scale of valley wind circulations seldom
produce observable Coriolis turning (e.g. Whiteman, 1990), this
points to the dominance of the regional scale flowby day. Following
sunset, the northerly daytime flow was replaced by a consistent
ENE flow for about four hours with a secondary peak inwind speed
Fig. 2. (a) Daily mean, maximum and minimum temperatures at 3 m, (b) daily mean
vapor pressure at 3 m and daily mean and maximum wind speed at 12 m. Data are
based on 10 min averages from DOY 222e268, 2006 in Yazd, Iran.
about 2000 LST. The origin of this flow is uncertain. It is too strong
to represent onset of a drainage flow but may result from localized
channeling through a gap in the ENE valley sidewall (Fig. 1) of the
regional flow which was veering eastward. From 2300 until the
onset of the daytime flow, wind was relatively weak but predom-
inantly from the west and with a strong surface inversion (Fig. 4a).
This suggests the main nocturnal flows may be drainage flow from
the dominant western valley sidewall. A SSE down-valley wind is
not apparent in the nocturnal wind field. The diurnal minimum
wind speed occurred quite abruptly around sunrise, probably
reflecting the period when sunrise onto the western (east-facing)
slope shut down the slope flow but valley heating was as yet
insufficient to develop the valley wind or cause sufficient down-
ward mixing of regional scale airflow. This type of morning tran-
sition has been shown previously in both observation and theory
(e.g.Whiteman,1990). Confirmation of the derivation of thesewind
fields will be investigated using mesoscale modeling.

Diurnal temperature gradients (between 1 and 12 m) show an
inversion formed around sunset and lapse conditions were estab-
lished by two hours after sunrise (Fig. 4a). The unstable atmo-
spheric surface layer produced by the daytime lapse seemed to
produce significant downward mixing of momentum, reflected by
rapidly increasing wind speeds consistent to the 1 m level as the
lapse strengthened in the morning hours (Fig. 4a and b). The early
nocturnal easterly flow caused a peak in wind speed at all levels
and the surface inversion was weakened during this period due to
mixing. Bymidnight thewesterly flowwas establishedwith amuch
stronger inversionwhich appeared to cause a relative decoupling in
wind speed between the 3 and 12 m levels.



Table 2
Daily statistics for radiation fluxmagnitudes and ratios from Yazd, Iran day 233e247.

Flux magnitudes Kex KY K[ KN LY L[ LN QN

Average (MJ m�2 d�1) 36.3 26.3 6.94 19.4 28.8 38.9 �10.1 9.24
Std. dev (MJ m�2 d�1) 0.66 0.87 0.2 0.67 1.39 1.34 0.69 0.21

Flux ratios a KY/Kex Q[/QY 4a Ln/Kn

Average (ratio) 0.264 0.73 0.83 0.13 0.52
Std. dev. (ratio) 0.002 0.02 0.006 0.03 0.20

a Values from mid-morning only.

Fig. 4. Diurnal ensemble (a) average and standard deviation temperature gradient
between 1 and 12 m, (b) average wind speed at three levels, (c) average temperatures
at four levels in the substrate and overlying air. All data are 30 min ensembles from
DOY 233e347, 2006 in Yazd, Iran.
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The temperature gradient in the 10 cm beneath the surface was
extreme, peaking at 3.2 �C cm�1 at solar noon (Fig. 4c)
and �1.3 �C cm�1 shortly before sunrise (positive values implies
a temperature increase away from the surface and vice versa). The
diurnal temperature range was 50.6 �C at the surface, 31.1 �C at
2 cm and 12.5 �C at 10 cm. The lag time between temperature
minima and maxima at the surface and 2 cm was 100 min and
between the surface and 10 cm it was 310 min. This illustrates
a considerable amount of heat storage in the shallow soil layers and
an extreme microclimate for vegetation to adapt to. Air tempera-
ture at 1 m, had a diurnal range of 18 �C with its minimum just
before sunrise and maximum at 1430 LST.
3.2. Surface radiation budget

Daily total radiation flux densities and 30 min ensemble aver-
ages during the period of analysis are provided in Table 2 and Fig. 5
respectively. The diurnal pattern of KY closely followed that of Kex
and peaked near 1000 Wm�2 at solar noon due to a lack of clouds
during the study period and a low solar zenith angle (average¼ 19�

at solar noon). The daily total KY was 73% of Kex and varied little
through the study period (Table 2). Mid-morning diffuse fraction
(4) averaged 0.13 and also varied little. The relatively high attenu-
ation (for clear skies) and low 4 suggest significant atmospheric
absorption which points to the presence of large aerosols such as
dust entrained from the desert. Although not measured, this
atmospheric dust was clearly apparent to the observer on the
surface, especially near sunset. Mean daylight albedo (a) over the
study period was 0.265 with negligible influence of solar angle and
a daylight standard deviation of only 0.01. LY has a strong diurnal
signal, with a peak around the middle of the day. This daytime peak
is higher than that calculated for clear skies using Sridhar and
Elliot’s (2002) modified Brutsaert (1975) down-welling longwave
radiation equation, although the nocturnal LY, agrees well. A small
portion of this difference is likely to be due to the additional input
of down-welling longwave radiation emitted from the sidewalls of
the valley, although the terrain viewwas a very small fraction of the
sky view factor due to the width of the valley (terrain elevation
angle <5�). Another likely contribution to this peak is the role of
atmospheric aerosols on effective clear sky emissivity (e). When
calculated as a residual from the StefaneBoltzman equation and
observed LY, e ranged from approximately 0.7 at night to 0.8 during
the day. This is high in general for clear sky e (e.g. Sridhar and Elliot,
2002) and, in addition to the large diurnal range, suggests signifi-
cant control on LY by atmospheric aerosols. L[was extremely large
due to high surface temperatures (Fig. 6), to the point that daily
total L[ was greater than Kex (Table 2). With clear nights, daily LN
loss was significant (52% of KN). As a consequence of the high
surface albedo and temperature and clear skies, the net losses of
energy by radiation were large (83% of net incoming) and the
resulting QN was small relative to solar radiation (35%). Low QN/KY
has been reported from a number of observations in arid environ-
ments (e.g. Malek and Bingham, 1997; Sturman and McGowan,
2009).

Throughout the operational period for radiation sensors, this
pattern remained remarkably unchanged (Fig. 6). There was
a steady seasonal decline in Kex which was reflected closely in KY,
due to largely unchanging sky conditions. L[ also declined at
a similar rate, commensurate with surface absorption of solar
radiation, although was clearly also affected by air temperature
(compare with Fig. 2a). LY remained more constant throughout the
study period and was closely linked with air temperature (Fig. 2a).



Fig. 5. 30 min ensemble average radiation fluxes for DOY 333e347, 2006 in Yazd, Iran.
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3.3. Surface energy balance

Surface energy balance closure was assessed initially by exam-
ining thebalance between radiation andgroundheatfluxes (QNeQG)
and turbulent heat fluxes (QHþQE) directly for all quality assured
30 minperiods during the study (Fig. 7a). The overall agreementwas
good with a slope just below unity and a �10Wm�2 offset, sug-
gesting the turbulent fluxes slightly under-estimated available
energy from radiation and ground fluxes. The sign of this imbalance
is common though the magnitude is smaller than most terrestrial
surfaces (Wilson et al., 2002). However, relatively good energy
balance closure has been found at other arid sites (e.g. Cleugh and
Roberts, 1994; Beringer and Tapper, 2000; Oliphant, 2000; Kampf
et al., 2005; Sturman and McGowan, 2009). The source area for
turbulent flux measurements at 12 and 3 m above the surface are
vastly different (source area at 12 m would be on the order of 50
times larger). Therefore it is interesting to compare the two identical
CA27 instruments forQHmeasurementmounted at different heights
(Fig. 7b). Overall, QH estimates from the two heights agree closely,
with QH at 12 m explaining 98% of the variance of QH at 3 m.
However, the site at 3 m is consistently higher by about 18% than at
Fig. 6. Daily total radiation fluxes for DOY 222e268, 2006 in Yazd, Iran.
12 m. From observation at the study site it seems likely that this
difference was caused by a smaller density of vegetation within the
much smaller footprint of the 3 m tower. Using the 3 m QH value or
an average of the two heights reduces the energy balance closure
comparedwithusing the12 m level. Therefore in further analysiswe
use the 12 m QH measurement. This comparison does suggest
however that QH values reported in this study are more likely to be
an under- than overestimation.

The close energy balance closure at this and other arid sites
might reflect the lack of dense vegetation, relative homogeneity of
surfaces, lack of significant latent heat fluxes and typically low
measurement heights comparedwith humid (particularly forested)
sites. In this case the strong turbulent condition due to high surface
temperatures and strong winds reduces likely under-measurement
in the eddy covariance method in low turbulence conditions (e.g.
Wilson et al., 2002; Oliphant et al., 2004). This is suggested by the
relative closeness of the data to the 1:1 line at high magnitudes
during the day and the general underestimation of turbulent fluxes
when QNeQG is between �50 and 20Wm�2, reflecting weaker
turbulent intensity under lower wind speed and stable stratifica-
tion in the nocturnal atmospheric surface layer (Fig. 4a and b).
A second region of underestimation of QNeQG by QHþQE occurred
when the former was between 200 and 300Wm�2. From the
diurnal pattern of the residual in the energy balance (Fig. 8), it can
be seen that this reflects the mid-morning period when QG domi-
nates energy partitioning. This could be due to the overestimation
of QG by sampling in a clearing and underestimating surface
shading by vegetation. However, the residual energy as a fraction of
QN was less than 10% so closure analysis generally provides confi-
dence for the robustness of energy balance magnitudes reported
below.

Ensemble average diurnal energy balance fluxes for the study
period show the dominance of QH and QG in partitioning net radi-
ation (Fig. 8). There is strong asymmetry between their peaks with
QG dominating the morning hours and QH the afternoon. Following
sunrise, almost all available energy was driven by conduction into
the substrate, at a time when wind speed was at its diurnal
minimum (Fig. 4c). QG peaked mid-morning at a time when the
substrate temperature gradient between the surface and 2 cm was
strongest. By mid afternoon, QG turned negative, and the temper-
ature gradient between the surface and 2 cm reversed, with net
conductance back upward toward the surface.

Santanello and Friedl (2003) provided an empirical equation
for daytime QG as a function of QN for a number of bare soil
environments:

QG

QN
¼ Acos

�ðt þ 10800Þ
B

�
(8)

where A represents the maximum daytime value of QG/QN, B is
a time period in seconds (s) that adjusts the phase and t is time in
seconds relative to solar noon. For a range of types of dry soils (<5%
soil water content) Santanello and Friedl (2003) found A and B to be
best represented by 0.35 and 100,000 s respectively. They also
provided linear adjustments for A and B that could be found from
the diurnal range of surface temperature (DTsurf), using A¼ 0.0074
DTsurfþ 0.088 (r2¼ 0.91) and B¼ 1729 DTsurfþ 65013 (r2¼ 0.56).
For the current study, this produces A¼ 0.46 QG/QN and
B¼ 150,000. The increase in A in drier soils is because less energy is
utilized for evaporation and the increase in B reflects slower
thermal conductivity in drier soils, shifting the phase of QG/QN
slightly later in the day. The uncertainty difference between r2

values in finding A and B using DTsurf suggests the phase timing is
more difficult to predict than the overall magnitude of QG/QN.
Applied to the data in this study, both the generalized dry soil



Fig. 7. (a) Energy balance closure for DOY 333e347 and (b) 3 vs 12 m QH for all good CA27 measurements during the period DOY 222e268, 2006 in Yazd, Iran.
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parameterization and that found by DTsurf produced an under-
prediction of QG (simulations 1 and 2, Table 3). The DTsurf-derived A
(0.46) matched very closely to the observed maximum QG/QN and
improved the magnitude of prediction. However, the phase
observed at this site was rather earlier than the DTsurf-derived B
(150,000 s) produced. Hence using the DTsurf-derived A while
maintaining the initial recommended B value improved the QG
prediction significantly (simulation 3, Table 3). A and B were also
found by a best fit routine, which produced 0.56 and 85,000
respectively and the best model performance (simulation 4). Thus
the magnitude of QG/QN was extremely high in this study as pre-
dicted for very dry soils but the phase was significantly earlier than
predicted by the Santanello and Friedl (2003) equation. This seems
to reflect the neglect in this scheme of the changing ratio of eddy
diffusivity to thermal conductivity throughout the day. In this case,
with strong afternoon winds and temperature gradients in the
atmospheric surface layer, surface energy is much more effectively
partitioned into QH, and QG becomes negligible by early afternoon.

In order to investigate the role of transport mechanisms in the
asymmetry between QH and QG, we plotted the relation between
wind speed and the ratio QH/QG which appeared positive but non-
linear (Fig. 9). The relation takes a rectangular hyperbola form and
the empirical parameters were found by best fit with the
Fig. 8. 30-minute ensemble average energy balance fluxes and residual energy for
DOY 333e347, 2006 in Yazd, Iran.
observational dataset when both QH and QG were positive
(r2¼ 0.48, n¼ 218),

QH

QG
¼ ðlRmaxuÞ

ðRmax þ luÞ � c (9)

where l is the initial slope (1.8), Rmax is the value of QH/QG when the
relation saturates (3.1) and u is wind speed (m s�1). This relation
suggests there is a positive increase in QH/QG with wind speed, the
slope of which decreases as wind speed increases. In this case, QH
became larger than QG whenwind speedwas greater than 1.6 m s�1

(found by solving for wind speed when QH/QG¼ 1) and QH domi-
nance saturated by the time QH was 3.1 times greater than QG. The
relationwas quiteweak, which is not surprising sincewind speed is
only a proxy for the thermal conductivity difference between the
atmosphere and substrate. In the late afternoon, QH briefly
increased to slightly larger than QN, and it appears the additional
energy was derived from a reversed QG, which supplied about
80Wm�2 to the surface at this time. Both this and the diurnal
asymmetry between QH and QG reported here has been observed in
a number of other arid environments (e.g. Cleugh and Roberts,
1994; Beringer and Tapper, 2000; Oliphant, 2000; Oliphant et al.,
2005; Sturman and McGowan, 2009).

Over the diurnal cycle,QG summed to near zero (Table 4) because
its significant daytime gain was offset by a roughly equivalent
nocturnal loss. This is to be expected, as well as the slight negative
QG total suggesting that on the seasonal timescale, ground
temperatures were starting to cool. The remainder of energy was
therefore partitioned between QH (w65%) and QE, (w27%) over the
24 h cycle. When considering just the daylight period, both turbu-
lent heat flux fractions were smaller with QG being a larger fraction
than QE. Energy balance partitioning in this study agrees closely
with the broader picture of energy balance in arid environments
(Table 1), including a Bowen ratio larger than unity, in this case
Table 3
Statistics for daytimeQG predictions based on different parameters for the Santanello

and Friedl (2003) scheme (Eq. (8)), where; RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðP � OÞ2=n
q

;

MAE ¼ Pn
i¼1ðjP � OjÞ=n;MBE ¼ Pn

i¼ 1ðP � OÞ=n; P is the predictedQG derived from
Eq. (8) and observed QN and O is observed QG during the period of analysis.

Simulation A B Slope r2 RMSE (Wm�2) MAE (Wm�2) MBE (Wm�2)

1 0.35 100 0.56 0.83 53.4 46.9 �39.4
2 0.46 150 0.61 0.62 46.2 36.2 14.2
3 0.46 100 0.74 0.83 31.7 23.7 �9.53
4 0.56 85 0.99 0.83 32.9 26.9 �0.53



Fig. 10. Hourly ensemble average potential and actual evapotranspiration for DOY
333e347, 2006 in Yazd, Iran.

Fig. 9. Relation betweenwind speed and daytime QH/QG for 30 min periods when both
QH and QG were positive (see Eq. (9) for definition), DOY 333e347, 2006 in Yazd, Iran.
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between 2.5 and 3. The 15 days making up the summary statistics
presented very little variation in this partitioning (Table 4).
3.4. Water vapor flux

QE rose in mid-morning to about 80 Wm�2, where it seemed to
plateau until early afternoon before diminishing steadily and
reaching zero an hour before sunset (Fig. 8). The mass flux of actual
evapotranspiration (AET) was determined from QE using
temperature-dependent latent heat of vaporization (AET¼QE/Lv(t))
and converted to mm (Fig. 10). The potential evapotranspiration
(PET) was computed at hourly time steps from a modified Pen-
maneMonteith equation using Jensen et al. (1990) and forcing
surface resistance to 0, thereby examining just the atmospheric
demand. AET reached a diurnal maximum of 0.12 mmh�1, which
was a small fraction of the atmospheric demand for moisture
(Fig. 10). Daily total AET was 1.0� 0.34 mmdy�1, which was only
13.5% of PET which was 7.4�1.6 mmdy�1. In fact, without surface
resistance it would take only one week to evaporate the equivalent
annual precipitation. The large difference between AET and PET
therefore shows extremely high surface resistance. Although soil
moisture near the surface was not measured, it could be assumed
that it was negligible based on visual observations of the sand in the
top 10 cm of the dunes. This means the principal evaporative flux
was by transpiration from the saxaul plants which were able to
draw moisture from deeper in the substrate using their extensive
and deep root system (Orlovsky and Birnbaum, 2002). The initial
Table 4
Daily statistics for energy flux magnitudes and ratios from Yazd, Iran day 233e247.

Flux magnitudes (24 h) QN QH QE QG Residual

Total (MJm�2 d�1) 9.24 6.01 2.48 �0.11 0.88
St. dev. (MJm�2 d�1) 0.21 0.63 0.43 0.51 0.69
Flux magnitudes (daytime) QN QH QE QG Residual
Total (MJm�2 d�1) 12.06 6.80 2.44 2.66 0.16
St. dev. (MJm�2 d�1) 0.21 0.55 0.40 0.44 0.60
Flux ratios (24 h) b QH/QN QE/QN QG/QN Resid/QN

Average (ratio) 2.53 0.65 0.27 �0.02 0.1
St. dev. (ratio) 0.66 0.06 0.05 0.05 0.4
Flux ratios (daytime) b QH/QN QE/QN QG/QN Resid/QN

Average (ratio) 2.90 0.56 0.20 0.22 0.02
St. dev. (ratio) 0.71 0.03 0.03 0.03 0.02
jump in AET immediately following sunrise suggests some early
photosynthetic activity by the plants with associated moisture loss.
This is also the most consistent period of daylight hours through
the study period (see standard deviation error bars in Fig. 10). The
plateau, followed by the gentle decline shows that root level water
was also scarce and canopy resistance was also high. Kobayashi
et al. (2010) compared biological functioning of various arid
shrublands and showed that Haloxylon aphyllum (black saxaul) had
generally low stomatal conductance (0.02e0.04 molm�2 s�1). The
diurnal pattern of stomatal conductance they presented closely
follows the pattern in transpiration evident in Fig. 10, with a peak
conductance in mid-morning and a general decline in the after-
noon. They also showed strong correlation between soil moisture
and stomatal conductance and leaf water potential and stomatal
conductance. Hence the shrub is able to yield strong stomatal
control to ensure survival during water stress and the results of this
are evident in the diurnal transpiration pattern.

Although small, AET at this site does provide a measurable
quantity of water to the atmosphere of 1 mmdy�1. Thus, planting of
saxaul for dune stabilization has an impact on the local microcli-
mate, both by providing a source of atmospheric moisture and by
reducing QH. If we assume that evaporation from the bare dune
fields would be negligible based on lack of soil moisture, then the
Bowen ratio at this site without saxaul plantation would tend
toward infinity and QH would be approximately 2.5 MJm�2 dy�1

(40%) greater. Thus the desert greening effects of saxaul plantations
on the local microclimate are significant.
4. Conclusions

Observations of surface radiation budget, energy balance and
atmospheric surface layermeteorologyweremade in central Iran in
the late summer of 2006. The study area was planted with a desert
shrub (Haloxylon aphyllum) in order to stabilize dunes encroaching
on an urban area. The objectives were to characterize surface-
atmosphere exchanges of energy and water, to determine the
energy flux partitioning and to compare the surface energy balance
with other arid studies as well as aspects of general energy balance
theory. The studyperiodwas characterizedbya stronghighpressure
systemwith no clouds or precipitation, warm temperatures and low
humidity, typical of the broader region in summer. The following
bullet points characterize the main findings of the study.
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� Lack of clouds and high solar declination produced strong
incident solar radiation, although high atmospheric aerosol
concentrations was important for attenuating solar radiation
and producing very high atmospheric longwave emission and
emissivity compared with ‘clear sky’ conditions elsewhere.

� A high surface albedo (0.265) and large surface longwave radi-
ation loss produced a low QN/KY as found in other arid studies.

� Partitioning of QN was dominated by QH and QG, which showed
strong diurnal asymmetry, with QG dominating morning hours
and QH afternoon. This was only partially explained by empir-
ical models previously considered broadly applicable, and the
difference seemed to be governed by changing rates of eddy
diffusivity through the day.

� The Bowen ratio was 2.53 over the 24 h period and 2.9 during
daylight hours, values that fell within the range of other
vegetated arid surfaces.

� Surface temperature gradients were very strong both in the
atmospheric surface layer and in the 10 cm beneath the surface,
with consistent lapse conditions by day and inversions at night.

� The wind regime was characterized by a strong daytime
regional wind system (w5 m s�1) which underwent approxi-
mately 45� Coriolis turning over a 12 h period and weaker
nocturnal slope flows (w2 m s�1).

� Actual evapotranspiration (1 mmdy�1)was only a small fraction
(13.5%) of potential evapotranspiration which showed a very
high atmospheric demandandstrongsurface resistance towater
loss. AET increased soon after sunrise, but flattened out at about
0.1 mmh�1 for themorning before diminishing in the afternoon.
This pattern correlates with previous diurnal observations of
stomatal conductance in Haloxylon aphyllum and shows strong
biophysical response to water stress by the vegetation.

� The planting of vegetation for dune stabilization appears to
have had a measureable impact on the surface microclimate by
providing small but significant atmospheric water and
reducing sensible heat flux, which could be as much as 40%
larger without the vegetation.
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