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Abstract.

Simultaneous observations of thermal radiative fluxes and radiances, from
the surface (ARM Mobile Facility, Niamey) and top of atmosphere (Geosta-
tionary Earth Radiation Budget instrument), during the RADAGAST ex-
periment are compared with results from a radiative transfer model (Edwards-
Slingo). Emphasis is placed on diagnosing the accuracy of the cloud-free ra-
diation measurements using multiple instruments at the surface, and thus
independently establishing the magnitudes of the aerosol direct effect. It is
found that the surface forcing from aerosol regularly exceeds 20 Wm™2, and
reached ~ 100 Wm™2 during the March 2006 dust storm. Equivalent com-
parisons are made with top of atmosphere measurements, and radiance-closure
is achieved. As the fluxes at top of atmosphere are a product retrieved from
the radiances, it is not surprising that significant discrepancies are found be-
tween these product fluxes and the simulated values. Using the simulated
radiance-to-flux conversion, with the measured radiances, a hybrid top of at-
mosphere outgoing longwave flux is created as an alternative to the GERB
product. At 11 UT (local noon), this hybrid differs from the product by ~
5 — 15Wm™? depending on time of year and aerosol loading. Combining
the observations and simulations (including the hybrid OLR), or using ei-
ther alone, the longwave clear sky atmospheric heating (divergence) is de-
rived. Differences of ~ 10 % between the three alternatives are found, but
all agree as to the diurnal variability being the time period with the largest

amplitude fluctuations when cloud is not present.
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1. INTRODUCTION

North Africa and the Arabian peninsula share one of the most unusual radiation en-
vironments on the planet. For example, this is the only tropical region with a negative
annual-mean net radiation balance at the top of the atmosphere [Hartmann, 1994]. There
are few, permanent surface radiation measurement sites [Ohmura et al., 1998], in part
because of the harsh environment. In addition, until recently, broadband radiation bud-
get measurements at the top of the atmosphere (TOA) were limited to twice per day,
from instruments on sun-synchronous platforms [Jacobowitz et al., 1984; Barkstrom, 1984;
Hucek et al., 1996]. The launch of the Geostationary Earth Radiation Budget (GERB)
instrument [Harries et al., 2005] in 2002 substantially improved the TOA sampling. The
deployment of the Atmospheric Radiation Measurement (ARM) Program Mobile Facility
(AMF) to Niamey, Niger for 2006 [Miller and Slingo, 2007] provided a similar improvement
in surface sampling. The combination of GERB and the AMF within the RADAGAST
experiment, [Slingo et al., 2008a] has resulted in a year-long time series of shortwave and
longwave radiation measurements from both surface and TOA, together with associated
meteorological variables.

These observational developments provide an opportunity to test radiative transfer
schemes within this environment. In turn, the simulations can be used to examine the
consistency of the measurements and to arrive at an improved representation of the over-
all radiation budget. This work represents a first step in this process, by concerning
itself with simulations of the longwave fluxes and divergences. The Sahelian location of

Niamey is interesting from a modeling perspective for several reasons; in particular, the
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range of integrated column water vapor (CWYV) and aerosol optical depth. Both are con-
sequences of the location, which causes Niamey to be affected by the moist southwesterly
winds of the West African monsoon in boreal summer, and by the dry, and dust laden,
northeasterly Harmattan winds from the Sahara in boreal winter.

The geostationary orbit of the GERB instrument allows for ~15 minute sampling of
the diurnal radiances at TOA. This resolution is matched by observations at the AMF,
thus making comparisons with radiative transfer simulations relatively straightforward.
To derive the atmospheric heating, it is possible simply to combine the observations from
the surface and TOA [Slingo et al., 2008b]. However, this is strictly only valid if the
measurements have identical spatial scales. The consequence of using this assumption is
studied here. The principle difficulty is that the surface measurements are made from
a single point, whereas the satellite data are integrated over the ‘footprint’ (the point
spread function) of the instrument. This mismatch in spatial scales can result in radiative
inconsistencies—such as in the description of the land surface or of cloudiness—which,
in turn results in increased random and systematic errors. The random error effect is
analyzed in a companion paper [Settle et al., 2008] and is ignored here by assuming
atmospheric homogeneity and surface stationarity. The systematic errors are studied and
reduced by using satellite retrievals to characterize the wider area about the AMF.

This paper utilizes clear-sky conditions, partly to satisfy the sky homogeneity assump-
tion. The aim is to establish the uncertainties and biases in the cloud-free simulations,
which are important in subsequently quantifying radiation closure errors when clouds are
present. By using a cloud mask to screen out cloud effects, the coverage of the radi-

ation observations is decreased by ~20% during the dry season and ~66 % during the
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wet (monsoon) season. (These seasons are of approximately the same length, and the
monsoon period is defined for 2006 [Slingo et al., 2008a] as being between May 5th and
October 29th inclusive.)

In the longwave, the aerosol direct effect at the surface varies greatly, depending on
region and the nature of the transported particles [Claquin et al., 1998; Miller et al., 2004;
Ritter et al., 2005; Dey and Tripathi, 2008], between ~ 1 and ~ 70 Wm™2. The upper limit
quoted here was found from simulations with desert-like atmospheric & surface conditions
and dust particle radii greater than 1 um. Since there is a paucity of radiation studies
within such environments—which do occur during RADAGAST [Slingo et al., 2006]—the
full range of direct effect values is expected here. This variation will be exploited in this
paper to understand the aerosol direct effect via correlations with visible retrievals: surface
infra-red retrievals [Turner, 2008] may be biased for the same reason as the aerosol-free
simulations, which allows for a consistent surface flux closure at the surface, but will then
cause erroneous TOA flux closure. Note that as TOA fluxes are retrievals themselves, it
is necessary to study their accuracy under conditions where aerosol is present.

In the following section, the measurements of, and arrangements for modeling, the long-
wave radiation during 2006 at Niamey are introduced, as well as the data that are used
to represent the disparity in spatial scales between the surface and TOA data. Section 3
analyzes simulations of aerosol-free fluxes at the surface, with the emphasis on diagnosing
the accuracy of the humidity profile used in the radiative transfer code. A comparison is
also made with zenith radiances observed at the surface in several wavebands. The pre-
sumed aerosol-direct effect from surface lux measurements and simulations is compared

with aerosol retrievals. Having established the magnitude of the aerosol direct effect at
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the surface, the radiances and fluxes at the TOA are compared in Section 4. The GERB
radiance-to-flux conversion is studied, in order to quantify what causes the differences
that are found between the simulated fluxes and GERB observations. The simulated di-
rect aerosol effect is used to determine an aerosol loading and the comparison of TOA
radiances and fluxes is repeated with the simple aerosol representation. From the pre-
vious two sections, the flux components required for atmospheric heating (divergence)
calculations have been analysed and summarised as a best-estimate collection. Section 5
presents estimates of the cloud-free divergence from this flux collection, and compares the
results to the same from observed fluxes only (c.f. Slingo et al. [2008b]) and simulated
fluxes only. The conclusion summarizes the results and suggests further studies using the

dataset.

2. BACKGROUND

2.1. Radiation measurements

The RADAGAST field experiment consisted of two primary measurement locations, the
ARM Mobile Facility (AMF) [Miller and Slingo, 2007] and the Geostationary Earth Ra-
diation Budget instrument aboard Meteosat-8. The AMF was located at Niamey airport
(2.18°E, 13.48° N) and was present between mid-December 2005 and early-January 2007:
data relevant to this work range from 6th January to 31st December. The GERB instru-
ment (GERB-2) was, throughout this period, located above 3.3° W, 0.0° N. The AMF was
active for each day of 2006, with short instrumental dropouts, whilst GERB suffered from
only two outages longer than a day. (Notably, the GERB instrument is taken offline into

sun-avoidance mode during 4 hours about midnight for 110 days.)
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The measurements of the downwelling surface thermal radiation are from two sources:
broadband fluxes from a pyrgeometer (using one of the two instruments), and spectral
zenith radiances from the AERI spectrometer [Knuteson et al., 2004]. A distinct advantage
of the AERI is its continuous calibration sequence, scheduled between measurements of
sky radiation, which results in known measurement characteristics for all times. The
rawinsonde ascents were made four times daily at times described as 06 UT, 11 UT 17UT,
and 23 UT. (Restricting sonde data to those launched within 1 hr of these times removed
4% of the launches.) These data were all retrieved from the ARM archive and those used
in this work are presented in table 1. The more physically accurate MWRRET [ Turner
et al., 2007] measurements of CWV replaced the MWRLOS data stream. In addition,
using AMF observations alone, a surface-based cloud mask was created, analogous to
other worker’s approaches [Henderson, 2006; Long and Ackerman, 2000].

The GERB [Harries et al., 2005] instruments measure the total and shortwave radiance
from geostationary orbit, and their difference returns the longwave radiance. A conversion
process for the longwave [Clerbauz et al., 2003] produces the associated flux products. In
this work, the Edition 1 ARG products [Dewitte et al., 2008] are used. Also aboard the
Meteosat platform is the SEVIRI spectral imager [Schmetz et al., 2002], whose measure-
ments contribute toward two purposes in this work. First, a GERB-SEVIRI product of
broadband radiances and fluxes, the SHI product, is a second estimate of radiation at ap-
proximately 5 times higher resolution than the ARG product but at identical measurement
times. Second, the SEVIRI radiances are used by NWCSAF [Slingo et al., 2008b; Derrien
and Le Gleau, 2005] to produce a TOA cloud-mask. These products are summarised in

table 2.
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The errors from radiative measurements are provided in two different fashions: for the
surface measurements, a standard deviation is made from the 60 samples per minute,
whilst for the GERB ARG and SHI products, the quoted error for the radiances is a
relative value and there is an additional error for the fluxes . These are summarised in
Slingo et al. [2006] as +5 Wm ™2 for the surface fluxes, 1% for the GERB radiances, and

~ 5Wm~2 for the GERB fluxes.

2.2. Tools & other measurements

The radiative transfer calculations were made using the Edwards-Slingo code (hence-
forth ES96) [Edwards and Slingo, 1996]. Despite being designed for computational effi-
ciency, it remains flexible in several areas which are useful in this work e.g. either 2-stream
or spherical harmonic solvers are available for fast calculation of both fluxes and radiances.
The optical parameters of gases and aerosols are specified via spectral files, and here the
spectral file is as used in the MetOffice HadGEM1 model [Martin et al., 2006]. In par-
ticular, the aerosol specification in this file is from the WMO [WMO/TD-No. 411] with
a modified size distribution [d’Almeida et al., 1991]. Using the times of sonde launches
restricts the calculations to 4 per day, but this is sufficient to resolve the diurnal cycle for
this work.

A (binary) cloud mask is used to remove the times in the measurements when cloud
affects the radiation. The SEVIRI-NWCSAF cloud mask results in ~ 270 values per
GERB ARG pixel, whose average when greater than 0.1 is interpreted as cloud. This
mask results in evident false negatives from the surface perspective, therefore the surface-

based cloud mask replaces it for surface comparisons. However, when combining TOA and
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surface fluxes for divergence estimates, a joint mask is produced by assuming independence
of each mask and combining them via a Boolean OR operator.

The radiative transfer inputs are obtained from sonde data to produce the temperature
and humidity profiles. The humidity is then scaled [Soden et al., 2004] such that it
produces a CWV which is equal to the value from MWRRET retrievals. The profiles
have ~ 150 pressure levels with a standard ozone prescription [Ellingson et al., 1991], and
the long-lived gas species (COgy, CHy, Og, NoO) have vertically constant mixing ratios
consistent with values from 2005. (All halocarbons are neglected.)

The profiles can be used to simulate pristine sky (aerosol- & cloud-free) radiation fields,
and then, by comparisons with measurements, an estimate can be made of the direct
radiative effect of aerosols. A companion paper in this special section concerning infra-
red aerosol retrievals, from AERI radiances [Turner, 2008|, shows good agreement of
11 micron optical depths with 1 micron AERONET retrievals from Banizoumbou [Holben
et al., 2001], ~ 60 km east of Niamey. (The AERONET site at Niamey itself only operated
from August 2006 onwards.) The analysis showed that a reasonable assumption is for the
Angstrom exponent between 11 microns and 1micron to be a constant (~ 0.33). As a
result, the Banizoumbou AERONET retrievals will be used here as a proxy for IR optical
depths.

The airport location means the area underneath the AMF radiation instruments is
unrepresentative of the larger GERB ARG footprint. In particular, the wider area includes
the River Niger and the urban area of Niamey proper. Hence, the profile infra-red surface
properties—emissivity and surface temperature (LST)—use both satellite retrievals and

AMF measurements. The retrievals are from the MODIS instruments: temperature (LST)
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via the MOD11A2 & MYD11A2 products [Wan and Li, 1997], and emissivity via the
CIMMS IR emissivity database [Seemann et al., 2008].

The CIMMS emissivities are estimates for several narrow bands over the longwave spec-
trum. They are provided as month-long averages with 0.05° spatial resolution. From these
emissivities, the broadband emissivity was derived via two approaches: by a bandwidth-
weighted average and by using pre-determined weightings [Wang et al., 2005]. Averaged
over the GERB ARG footprint, both methods resulted in emissivities with a difference
of 0.01 RMS. The average of these area average emissivities, between 2006/01/01 and
2006/11/30, gave an overall estimate of 0.93 & 0.01. Since no diurnal variation is as-
sumed, the emissivity value, €, was fixed to this value.

The LST retrievals from MOD/MYDI11A2 are (essentially) 8-day averages from two
retrievals per calendar day, to compromise between data availability and time resolution.
Since the time resolution is insufficient for per profile LST specification, the retrievals are
instead used to estimate the ratio between the LST of the MODIS footprint (~ 500 m
about the AMF) and that of the ARG footprint. This ratio is then used to scale the
AMF LST, to remove the potential surface systematic bias. By using a scaling, the only
assumption made is that the MODIS footprint LST about the AMF has a constant scaling
relationship with the AMF LST. The MODIS resolution is sufficiently small to negate
effects of the river or its adjacent paddy fields (> 3.5km SW of the airport location).
High resolution imagery and local cartography also suggest that there are no obvious
changes in land cover which could invalidate the assumption. The MODIS-based scaling
was calculated over all 8-day periods in the year: the ARG footprint LST estimate, Tsrq,

from the AMF LST value, T4p;r, was found to best obey a linear transform,

DRAFT May 28, 2008, 10:20am DRAFT



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

NAB, AS, GJR, JJS: SIMULATION OF LW RADIATION FROM RADAGAST X-11

The AMF LST used here, Tapr(t), is not directly measured but is derived by fitting the
derived temperature (from the upwelling pyrgeometer), Tyei»(t), to a retrieved temper-
ature (from the upwelling IR thermometer), Tgr(t). This procedure begins by deriving
temperatures from upwelling fluxes, Fypr.amr(t), assuming black body & Lambertian

emission,

1
Tde’riv(t) = (—FULR;AMF(t)> ' .
€0
The diurnal-mean of T, is then scaled to equal that of Tirp, and this scaling is
applied to form the LST time series, Tanr(t),
Tdem'v

Tarmr(t) = Therin(t) Tonr (1)

This derivation of T4y r was implemented because a significant difference is observed
in the diurnal variation between the pyrgeometer and IR thermometer, especially at local
noon. Since the interest here is in modelling diurnal radiation variations, it was thought
more prudent to use the pyrgeometer to return the diurnal variations and to use the

thermometer for the absolute values.

3. SURFACE RESULTS
The results of the ES96 calculations are compared to the measurements from the AMF
in this section. These initial simulations assume pristine sky conditions (cloud- & aerosol-

free), and demonstrate how omitting aerosol affects the surface LW radiation calculations.
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The calculated aerosol direct effect at the surface is then analysed in conjunction with
retrievals of aerosol optical depth to demonstrate that this effect does account for the
majority of the difference between calculations and observations.

The time series of measurements and simulations are shown in figures 1, 2, & 3 for the
three flux components: surface downwelling, surface upwelling, and OLR. The observed
less calculated (obs-calc) flux differences are shown in figures 4, 5, & 6. A comparison of
the modelled pristine surface downwelling fluxes with independent calculations (Mlawer,
personal communication), using the LBLRTM code, shows a correlation r value of 0.95.
Therefore the ES96 results are in excellent correspondence with the more precise LBLRTM

results.

3.1. Upwelling surface radiation

The obs-calc comparison shows a noticeable difference for the upwelling surface flux
(ULR) but this is expected since different surface properties are deliberately used in the
simulations compared to those measured at the AMF. Using figures 2 & 5, from January
to September the ULR obs-calc difference increases with increases in measured ULR. From
September onwards, however, the obs-calc difference decreases with increases in measured
ULR. The reason for this change in correlation between the difference and the observed
flux is not clear; however the obs-calc difference range over the year is £10 Wm™ which
is only of the order 5% of the absolute value of the ULR. (In a companion paper [Settle
et al., 2008], using a different satellite LST retrieval dataset, it is found that the AMF
ULR measurements are, over 2006 as a whole, ~ 4 +4 Wm ™2 greater than the ARG area

estimate which is consistent with this analysis.)
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3.2. Downwelling surface radiation

The observed surface downwelling fluxes (DLR) show the effects of changes in CWV
and temperature, figure 1. In time, the wet season onset and retreat (circa days 120
and 300) is the largest driver of DLR whilst temperature fluctuations are most evident
in the dry season [Slingo et al., 2008b]. The calculations model the overall flux trends,
and do so more accurately in terms of diurnal variability than a simple parameterisation
[Prata, 1996]. Nonetheless, a significant obs-calc under-estimate exists, especially in the
dry season.

The scatter of the obs-calc differences with CWV/| figure 7 (upper panel), demonstrates
a clear link between flux residuals and the atmospheric profile. If there were a bias in
either temperature or water vapor, then the lower limit of the obs-calc difference would
not be expected to be close to zero regardless of CWV value. In particular, only a few
points show a negative obs-calc value (1% are more than the measurement error below
zero) whilst a large number (40 %) have a difference of < 10 Wm™ (twice the measurement
error). In contrast, the upper limit of the flux differences decreases with an increase of
CWV. These observations are consistent with the aerosol direct effect being primarily
responsible for the difference: as the CWV lessens, the (8 — 13 um) IR window becomes
optically thinner which allows the direct effect to become relatively larger. This is most
evident during the dust storm of March 2006 [Slingo et al., 2006] when CWV was ~ 1 cm.
During this event the optical depth reached 3.4, and the highlighted points in figure 7
show the particularly large obs-calc values, ~ 100 Wm™? coincident with the passing of

the storm front over Niamey.
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The obs-calc analysis was repeated with zenith radiances from the AERI. Since the
intention here is to establish the accuracy of the temperature and humidity profiles, it is
useful to compare radiances in several regions of the spectrum where temperature, water
vapor, and aerosol in turn have a dominating effect. The band-passes utilised and their
primary sources of emission are shown in table 3. Band #4 is dominated by CO, emission
and, since the vertical distribution and quantity are well established a priori, it becomes
a test of temperature. Similarly, band #8 is dominated by water vapor and temperature,
so can be used to verify the boundary layer water vapor quantity. Finally, band #5 has
the same contributions but at far lower optical depths, and is where the effect of aerosol
emission would be most notable. Figure 9 shows scatter plots for these three bands. The
dashed lines mark the expected 1:1 relationships, which are obeyed to within 1 % for bands
#4 and #8. For band #B5, there is a consistent under-estimate by the calculations, and is
reminiscent of figure 7. Note also that there is virtually no predicted excess radiation. As
these narrowband radiance comparisons are consistent with the comparisons of broadband
fluxes, it shall be assumed that any bias in pyrgeometer fluxes is within its measurement
error.

To quantify the direct effect, a correlation between the diurnal-average of obs-calc flux
difference and coarse-mode AOT can be made. (The diurnal-average can only be calcu-
lated for those days with four sonde launches at cloud-free times.) The following assump-
tions are made: AOT at the AERONET site (Banizoumbou) is correlated with that at
the AMF (Niamey), the longwave dust emission is a (simple) function of the shortwave
AQOT, and that changes in vertical structure of aerosol within the atmosphere are neg-

ligible. Comparing 561 near-contemprous AERONET retrievals from the two sites: the
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r correlation coefficient is 0.91. The second assumption is validated by the companion
paper [Turner, 2008], and it is noted that the 1020nm AOT varies between 0.03 and
4.07 during the year. The final assumption rests on temperature variations. By taking
diurnally-averaged values, the change in emission due to per-day temperature variability is
reduced. Furthermore, the diurnal-mean temperature, averaged between the surface and
800 hPa, is 298+ 3 K. A simple model for vertical distribution of aerosol is an even quantity
(density) with altitude from the surface to 800 hPa. The mean temperature averaged over
this altitude, and then raised to the 4th power, becomes an aerosol emission-equivalent
value (assuming a black body approximation). The standard deviation from the mean of
this emission-equivalent value during 2006 is 4%. Hence, the direct effect variation can
be expected primarily from changes in (vertically) integrated aerosol concentration.

The flux residual-AOT correlation is shown in figure 8. Given the direct effect efficacy
is controlled by the opacity of the IR window, a set of simple fits were made to understand
the dependence. The data are binned into CWYV intervals of 0-1 cm, 1-1.5cm, 1.5-2.5cm,
& 2.5cm and greater. The form of fit used is,

A(F’DLR) = FDLR;observed - FDLR;calculated =a+ (5 77_) / (]— + 77_) ) (2)

where the averages represent appropriate diurnal means. This equation was chosen
empirically to obey the principle that emission must asymptote at high values of AOT
but be linear for low values. The fit values of a and (3, representing the obs-calc flux
difference for no aerosol (RT profile error) and the forcing per unit scaled optical depth
(measure of the direct effect) are shown in table 4. The results show that the forcing per

unit scaled optical depth, 3, decreases as the CWYV increases as expected.
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These fits can be used to ‘correct’ the diurnal mean pristine ES96 fluxes for the aerosol
direct effect, and these corrected fluxes are used to repeat the obs-calc analysis. Figure
7 (bottom panel) shows the scatter of these residuals with CWV, and it can be seen
that the median for all bins is, as expected, near zero (< 1.5Wm™?) and each has a
similar variance. This latter result simply confirms the result from the fit parameters: the
uncertainty in the fits remains relatively constant, regardless of CWV.

As CWV increases, the offset for zero optical depth, «, also increases although when
CWYV is less than 1cm, the value is consistent with zero. The cause for the increase
could be a result of the fitted function being inadequate due to non-linearities in water
vapor emission. Alternately, it was noted that the ratio of AERONET-derived CWV with
that from the AMF microwave radiometer is 0.83 + 0.08, which could implicate the AOT
retrievals.

These results are all consistent with the modelled, pristine fluxes being an unbiased
representation of the emission due to the atmospheric gases and water vapor alone. The
obs-calc difference then represents the aerosol direct effect to within errors that are rea-
sonable, given visible /near-IR retrievals are proxies for LW optical depths. This statement

is less certain for the wet season, where CWV is larger than 2.5 cm.

4. TOP OF ATMOSPHERE RESULTS

Having compared the ES96 calculations at the surface with observations, the equivalent
analysis with TOA observations is presented here. The comparison of pristine radiation
calculations at TOA is less straightforward due to disagreements in radiance-to-flux con-
version from ES96 and the GERB Edition 1 processing. This necessitates including a

simplified aerosol representation into the RT profiles, using the previously calculated di-
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rect effect at the surface. The resulting clear sky (cloud-free with aerosol) calculations
then allow comparisons with TOA measurements using a priori profiles.

The top of atmosphere upwelling flux (OLR) is dependent on the emissivity & temper-
ature of the atmosphere as well as the surface upwelling flux. From the surface analysis in
the previous section, the atmospheric components (less aerosol) are found to be consistent
with observed values to within the measurement errors. The surface upwelling flux com-
parison showed that the estimate of the GERB ARG footprint flux is, however, biased
with respect to the AMF measurements. Thus one benefit of analysing the OLR is in
indirectly evaluating this surface flux. Since the quantity measured by GERB at TOA is
radiance, the OLR is actually a derived quantity [Dewitte et al., 2008] which necessarily
contains assumptions about the atmospheric profile under each pixel and the associated
surface properties. For the Edition 1 fluxes, a known issue is the omission of aerosol from
the radiance-to-flux conversion. As the surface results show, there are instances of large
aerosol direct effects. Hence evaluating the radiance-to-flux conversion is a prerequisite
before being able to accurately compare the ES96 and GERB ARG OLR fluxes.

Initially, the GERB SHI and ARG product fluxes are compared over Niamey. The
significant difference between these is the surface footprint of each product: the SHI pixel
area is ~ 9 x 9km vs. the ARG pixel ~ 45 x 45km. For the relevant pixels covering
Niamey, this is particularly important since the River Niger affects respectively ~ 10 %
and ~ 40 % of the ARG and SHI pixel areas. From coincident cloud-free times during 2006,
the ratio of fluxes between the ARG and SHI products is 0.99 + 0.06. (For comparison,
the ARG flux varies by more than 1% only when the distance, between the centre of

the pixel covering Niamey and the comparison pixel, exceeds 100 km.) Together with the
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prior assumption of a laterally homogenous atmosphere, the implication is that surface
property ratios will have the same values: the ARG-area to SHI-area ratio for surface
temperatures is 0.997 + 0.001, and the same for emissivities is 0.98 £+ 0.01. The good
agreement between the two TOA fluxes and the similar agreement in surface property

retrievals implies that these retrievals are sufficiently accurate for this work.

4.1. Pristine sky calculations

As the surface emissivities are fixed (0.93) in the profiles, the use of scaling the LST
will first be investigated. The profiles are aerosol-free so a non-zero obs-calc difference is
expected; it is the difference between using scaled, pyrgeometer-derived and unscaled, IR
thermometer-measured temperature that is of interest. The obs-calc differences between
GERB ARG and ES96 radiances are displayed in table 5. The change in the obs-calc
difference when the scaled LST is used, for all time bins, is within the stated interquartile
range. The percentages show the change is consistent in that day-times (11 & 17UT)
show a decrease in the obs-calc difference whereas night-times show an increase. This
shows that the diurnal variation of the calculated radiances is reduced by using the scaled
LST, which will now be considered valid.

The next analysis is an analogous comparison between the GERB ARG radiance and
GERB ARG flux obs-calc differences. These differences are displayed in table 6, and
also subdivided into the two seasons. The most clear trend is that the obs-calc radiance
values show larger, relative differences during the diurnal cycles than the equivalent flux
differences. If the radiance-to-flux conversion used in GERB Edition 1 processing and

that in the ES96 code were equivalent then this would not be expected: there would be a
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constant scaling factor when comparing radiance and flux obs-calc values. This argument

can be substantiated by plotting the angular conversion factor, R,

™ LOLR(ea ¢)

R(9,6:90) = oM,

(3)

where (0, ¢) are the viewing angles between the satellite and the atmosphere, {2 repre-
sents the state vector of the atmosphere and surface, Lop g is the measured TOA radiance
and Fpr g is the retrieved flux. Here, because GERB and the AMF are fixed relative to
each other, the angular coordinates remain constant and the changes are in 2. Figure 11
(upper panel) shows R from ES96 calculations and GERB ARG plotted against the profile
surface temperature. (Surface temperature is a value in Q and also a proxy for time since
the coldest temperatures correspond to pre-dawn and the hottest to near-noon, 06 UT &
11 UT approximately.) It is clear that the derived values of R follow a substantially linear
relationship with surface temperature. Using a linear model to fit the two collections of

R, results in the following,

EGERB(Tsurface> = 0.85+6.74 x 10_4Tsurfac€7

Fpristine;ESﬁ(Tsurface) = 0.55 + 1.66 x 10_3Tsurface~ (4)

Notably, the gradients vary by more than a factor of 2. The consequence is that, for
equal radiances, the ES96 fluxes would change more slowly than GERB fluxes between
the 06 UT and 11 UT time bins. The impact on the flux obs-calc differences would be a
smaller relative difference between these two time bins than expected from the equivalent

radiance obs-calc differences, which is the result seen.
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4.2. Clear sky calculations

The discrepancy between the GERB- and ES96-derived angular conversion factor im-
plies that even if radiance-closure were achieved (consistent radiances between measure-
ments and model), then fluxes will have a time varying non-zero obs-calc difference. How-
ever, the previous section assumed no aerosol was present. To understand the magnitude
of discrepancy between the cloud-free GERB ARG fluxes and ES96 fluxes, it is necessary
to repeat the previous work with aerosol included in the simulations. The addition of
aerosol into the RT profiles is via the calculated aerosol direct effect, using the results in
section 3.2. Because the comparisons will only be made with TOA measurements, this
ensures suitable independence of the calculations.

The clear sky profiles use the pristine sky profiles, with an added aerosol dust layer. The
aerosol profile is specified as mass mixing ratios, estimated as follows. First, an empirical

profile is created,

_ 2
MMRdust;tamplate = MMR €xp {_M] ) (5)

202
where p is profile level pressure, MMR is a physically realistic constant, p,, = 933 hPa
and ¢ = 210hPa. The parameter values were chosen to produce a plausible profile
[Johnson et al., 2008] which places 99% of the aerosol below 7.3 km and 50% below 1.7 km.
Next, the dust profile is scaled equally at each level such that the resulting calculations of
DLR are equal to AMF measurements i.e. the derived aerosol direct effect is accounted
for. To do this, an estimate of the scaling, ¢, is calculated. Initially, the effect of scaling

is established by fitting the parameters A and B in the following function,
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Fprre = Fprpe—o + A (1 — e 77), (6)

for several values of ¢ ranging from 0 to 40. (The upper limit corresponding to a dust
column mass of 25.6gm™2.) The term Fprp is the DLR, whilst ¢ is the profile scaling
factor. (Hence, Fppr.—o is the pristine value viz section 3.2.) Having obtained A and B

for each profile, equation 6 can be inverted to obtain an estimate of ¢ for a measurement

of Fprramr,

Cestimate — — In|1—

Fprramr — FDLR;C:O] / B
T )

The scaled dust profile is then,

MMRdust;estimate = Cestimate X MMRdust;template‘ (8)

An advantage of using equation 7, rather than the fits to AERONET data, is that
diurnal variations [N ’tchayi Mbourou et al., 1997] are more accurately estimated. The error
estimates for Cegimate OCcur from the variances of Fprg.amr, and these are propagated to
the TOA radiation results: 50% & 84% of profiles have TOA radiance standard deviations
of less than 5% & 20%.

Once again, a comparison can be made with the surface radiances. With the pristine
simulations, a significant deficit was found in the band #5 comparison (figure 9). In-
cluding the aerosol derived from the broadband flux measurements, figure 10 shows a
significantly better adherence to the 1:1 relationship in the scatter plot. Hence, since

the RT calculations are consistent with AERI narrowband radiances all three bands, the
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aerosol profiles are considered consistent for surface simulations and now used for TOA
simulations.

The clear sky obs-calc differences for GERB ARG radiances and fluxes are shown in
table 7. They are also shown as a box-whisker plot, with the equivalent results from
pristine comparisons, in figure 12. The notable change when aerosol is included is that
the radiance differences become more equal across times, with near equivalence in the dry
season and some remnant variation in the wet season. As percentages, the aerosol-included
differences are —2% (dry) to —5% (wet) of the GERB ARG radiance. Comparisons of
GERB and CERES LW radiances (Dewitte et al. [2008] & Clerbauz, in preparation) show
that under equivalent clear-sky conditions as used in this work, and within the whole
GERB field-of-view, the ratio between the GERB/CERES satellite radiance measurement
is ~ 98%. Hence, in the dry seasons, the calculated radiance at any time is consistent
with the observations to within their uncertainty:.

The fluxes, as expected, behave differently from the radiances. The clear sky fluxes
show an opposite trend with time bin when compared with the pristine fluxes: the obs-
calc difference becomes smaller in the day time, rather than larger. Figure 11 (bottom
panel) shows how the angular conversion factor, R, is changed by including aerosol. The

fit to the clear sky ES96 R values, c.f. equations 4, is,

Eclear;ES%(Tsurface) =041 + 2.15 x 10_3 Tsurface' (9)

The gradient of the fit to R is therefore increased by the presence of aerosol: Rejear:psos
now increases more than three times as rapidly with surface temperature than Reggrs.

Consequently, the discrepancies in flux obs-calc are largest for the hottest surfaces, which
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corresponds here to 11 UT. In order to improve the divergence calculations in the fol-
lowing section, it is possible to create a new estimate of TOA OLR. This product,
FoLr.ARG:R=Es96, Which shall be called the GERB/ES96 hybrid, uses the angular con-
version factor from each ES96 calculation, Rejeqr:msos(t), to create a flux from the contem-

prous GERB ARG radiance, Lorr.arc(t),

7 X Lorr.arc(t)

10
Rclear;ESQﬁ(t) ( )

ForrArG:R=Es96(t) =

where ¢ are the cloud-free times. Figure 13 plots the time series (upper panel) of the
GERB ARG Edition 1 OLR, Forr.ara, with the hybrid OLR, Forr.arcrR=Esos, and
their difference (lower panel). At night, the difference is small and generally the hybrid
OLR is marginally larger (0.5 {3 Wm?2) than the Edition 1 OLR. During the day the
hybrid OLR is smaller (6.11 72 Wm2), especially in the dry season when aerosol loading is
high. In particular, during the March dust storm on 2006/03/07 11 UT, the hybrid OLR
is ~ 12 Wm™ lower, and on 2006/04/03 11 UT, the hybrid OLR shows the maximum
difference in this time series of ~ 15 Wm™. For this latter date, the difference is a
consequence of three factors: near annual-maximum surface temperature, near annual-
minimum column water vapor, and above-average dust loading (AOT (1020 nm)=0.85 c.f.
the 2006-average of 0.6).

In the context of the clear sky OLR fluxes, the hybrid OLR suggests that only the
06 UT and 23 UT obs-calc flux difference comparisons in table 7 are accurate and that the

daytime differences are biased by the value of the inter-quartile range.

5. LONGWAVE ATMOSPHERIC DIVERGENCES
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The previous two sections have analysed the surface and TOA radiation to derive a best
estimate of the longwave fluxes. These fluxes are: the surface upwelling flux, which is from
simulations using a GERB ARG-area scaled temperature, the surface downwelling flux,
which is also from the simulations (but with aerosol, so equivalent to AMF measurements),
and the TOA upwelling flux, which is from the GERB/ES96 hybrid OLR. A summary of
these is shown in table 8.

A companion paper [Slingo et al., 2008b] analyses the diurnally averaged divergence
by using only the measured values (Fprramr & Furr.amp from the AMF and Forr arc
from GERB Edition 1). The results in this work permit a similar calculation for cloud-free
times, using any one of three ‘flux component collections’, which are defined as follows:

1. the best estimates (as described above),

2. or simulation only,

3. or observations only.

Figure 14 shows three divergence estimates for 2006, and the numerical values are in
table 9. The diurnal trend is similar between each calculation, and the inter-quartile ranges
do not typically exceed the difference between bin medians. These results correspond to
a key result in the companion paper [Slingo et al., 2008b]: the diurnal mean divergence
for cloud-free times is —167" J Wm™2 during 2006. In other words, the average divergence
is relatively constant through the year, regardless of season. In contrast, the diurnal
amplitude of divergence has a larger change.

In comparing the three divergence results with each other, the simulation divergences
show the most cooling for each bin whereas the observation divergences show the least.

Additionally, over the diurnal cycle, the amplitude of the former is larger than the lat-
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ter. Comparing the best estimate divergences with those from observations, the latter
shows more cooling at 11 UT, a similar amount at 17 UT and less at 06 UT and 23 UT.
The amplitude of the diurnal cycle of the former is larger than the latter. As percent-
ages, however, the differences between the medians of best estimate divergences from the
observation equivalents are ~ —1 to —3 %.

The expected diurnal mean difference would then be typically ~ 1%, or ~ 2Wm™. In
the context of GERB ARG and AMF flux measurement errors, this difference is small.
It does also validate the approach in the companion paper [Slingo et al., 2008b] of using
observation-only flux components to study the resulting variability in divergence with
other variables such as AOT and CWYV. However, to study more finely time resolved
divergences, such as the 4 time bins here, the nature of flux components used can result

in a bias which s larger than the measurement errors.

6. CONCLUSION

In this work, a comparison has been made between the observed radiative fluxes and
radiances in the thermal region of the spectrum, at both the surface and top of atmosphere.
Utilising the high time resolution of measurements from both locations, aerosol- and cloud-
free contemprous calculations were made for four sonde launch times per day, for 361 days
of 2006. At the surface, flux comparisons were made of the upwelling and downwelling
components. The upwelling flux was found to differ substantially, and regularly, from the
observed measurements but this is accounted for by the attempt made to model flux from
the wider area to be consistent with the satellite footprint.

The simulated, aerosol-free downwelling flux was found to behave principally as the

observed values, with the changes in column water vapor and temperature. The residual
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differences were found to be strongly correlated with column water vapor and consistent
with the aerosol direct effect. This was verified by comparison of radiances from zenith-
pointing observations in three wavebands, which separately verified the temperature and
humidity profiles in the lower troposphere. A correlation of the flux residuals with visible
AERONET optical depth retrievals allowed for a simple estimate of the direct effect.

A similar analysis was carried out between the top of atmosphere observations of ra-
diances and fluxes and the simulated values. Since the observed fluxes are a product, a
comparison of radiances was initially undertaken to establish the effect of the surface tem-
perature scaling and surface emissivity derivations. These showed an improvement when
compared to using the observed surface temperature from the AMF. The comparison be-
tween simulated and observed radiances and the same for fluxes made evident a disparity
that was attributed to the radiance-to-flux conversion process. To more fully understand
this disparity, the simulations then moved to using a inferred aerosol representation.

Utilising the measured direct effect from the surface broadband fluxes, to specify the
aerosol loadings and a simplified vertical structure, comparisons were made at the surface
with measured radiances. This verified that the overall direct effect at the surface was well
characterized. Using these profiles, the top of atmosphere radiance and flux comparison
was repeated. It was found that during the dry season, where column water vapor is be-
low ~ 2.5 cm, the simulated radiances showed negligible variation relative to the observed
values and were consistent with GERB-CERES comparisons. Therefore, within the ob-
served errors, radiance closure was achieved in the dry season at both the surface and
top of atmosphere when clouds are not present. Some residual diurnal variation between

radiances remained in the wet season.
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The top of atmosphere flux comparison showed significant differences, unlike the radi-
ance comparison, in both dry and wet season. Again, this was consistent with a difference
in the radiance-to-flux conversion between the product algorithm and the radiative trans-
fer code used here. (A known omission in the GERB Edition 1 product algorithm is the
absence of aerosol effects.) Given the agreement of simulated and observed radiances,
but not for the fluxes, a hybrid OLR product was created: using the simulated (ES96)
radiance-to-flux conversion and the observed (GERB) radiances.

Using the cloud-free, aerosol-present simulations, it became possible to calculate the
atmospheric heating (divergence) using one of three flux collections: using observations
from the AMF and GERB Edition 1 ARG only, using the ES96 simulated fluxes only,
or using a combination of model and measurements. The latter is described as the ‘best
estimate collection’. The three estimates, treated as averages for the 4 time bins through-
out 2006, were found to show both similar diurnal variations across the bins and similar
inter-quartile ranges within each bin. However, a comparison of the values per bin from
the three estimates showed differences as large as 5 %. Therefore for time resolved calcula-
tions, care must be taken in using consistent calculations, which here only truly applies to
the simulated flux collection. This collection may remain biased, especially in the wet sea-
son, but has a good correspondence as regards the diurnal variation with the divergences
from the best estimate collection.

Future work using the RADAGAST dataset can utilize the infra-red retrievals of mineral
dust [ Turner, 2008], and associated retrievals of chemical speciation, to better characterise
the aerosol environment. This will then allow a more detailed investigation into the

apparent difference between radiances at the top of atmosphere in the wet season, which
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may be an indicator of incorrect humidity specification. Improving the top of atmosphere
flux retrievals in the presence of aerosol, which is shown to be omnipresent in Niamey
during 2006, is another area which merits study especially given the prominent view of
the Sahara that the GERB instruments have. Establishing if the results presented here
are consistent for instrument view angles and for different dust sources will be important
in this task. Finally, the omission of clouds results in this work completing only one part
of the task in RADAGAST and several opportunities subsequently present themselves,
such as using the clear sky simulations to model the cloud forcing using the data or using

cloud retrievals to directly model cloud effects within the radiative transfer code.
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Table 1. Surface data-streams used in this work. These are either measurements from the

AMF deployment to Niamey or derived thereof.

Data-stream | Variables measured Temporal
resolution

aerisummary | averaged longwave zenith-pointing spectrally-resolved radiance | 400 s
skyrad60s | downwelling longwave flux, sky-looking infra-red thermometer |60s
(down_long_hemisp_shaded?2 variable is used for flux.)
gndrad60s | upwelling longwave flux, surface-looking infra-red thermometer | 60s

mwrret Improved microwave radiometer column water vapor retrievals | 60 s
sondewnpn | Rawinsonde, Vaisala RS-92, ascents 4 daily
met 2m height temperature, pressure 60s

Table 2. Satellite data-streams used in this work.

Name Description Spatial
resolution
GERB ARG Edition 1 radiances and fluxes ~ 46 x 46 km
GERB SHI Radiances and fluxes from GERB+SEVIRI ~ 9 x 9km
NWCSAF cloud mask | SEVIRI-based cloud mask ~ 3 x 3km
MOD11A2/MYD11A2 | Surface temperature from MODIS Terra/Aqua |1 x 1km
CIMMS IR emissivity | Surface LW emissivity via MODIS measurements | 0.05° x 0.05°
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Table 3. ES96 band-passes used for comparison with AERI radiances. The parentheses

represent subsidiary sources of emission, either because they are well determined or relatively

unimportant.
hadgem1_3 Bandpass Emission sources
band number | cm™ | microns
4 590-750 13.3-17.0 CO., Hy0, (O3)
5 800-990 & 1120-1200 | 8.3-8.9 & 10.1-12.5 | H,O, aerosol, CO4, (N3O, Oj)
8 1330-1500 6.7-7.5 COs, H50, (N,O, CHy)
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Table 4. Parameters to the fits shown in figure 8, of the form A(F) = a+ 57/ (1 + 7), where

A(F) is obs-calc for the diurnal-mean DLR and (7) is diurnal-mean AOT(1020 nm).

CWYV range a/Wm?|3 / Wm?
lower / cm | upper /cm

0 1 0.7£1.6 [96.3£5.9

1 1.5 4.1+15 |73.5+£5.6

1.5 2.5 5.2+14 |53.2+5.9

2.5 00 6.6 £2.7 |224+£9.7
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Table 5. Obs-calc, A(L) = Lops — Leaie, for TOA radiances. The calculated radiances are from

ES96 simulations and observed from GERB ARG measurements (as medians and inter-quartile

range). Values are shown for use of unscaled & scaled LST. The associated percentage differences

are also shown.

A(L) / Wm2sr!

Hour bin | via IRT LST | via scaled LST (AIRT — AS) /AIRT
Arrr A | Zo-age

All —4.37 —4.57 11 —1.87 107

06 UT —3.27 94 —2.8+03 11.67 1%
11UT —5.8" 21 —5.7+18 —7.8T 19
17UT —4.07 10 4.6+t12 4.5 35,
23UT —3.47 02 —3.17 40 9.61 3%°
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Table 6.

Obs-cale, A(V) = Vips —

NAB, AS, GJR, JJS: SIMULATION OF LW RADIATION FROM RADAGAST

V.aie Tesults for the GERB ARG TOA pristine radiances,

L, and fluxes, F, per time bin (as medians and inter-quartile range). The data are shown for the

whole year, and subdivided into the two primary seasons. The dash denotes when the number

of data points for that time was fewer than 10% of the total number for that day.

A

Season | Time | L / Wm™sr™ | F' / Wm™
Both | All — 44T T3 12,0732
06 UT —2.8T92| —104F LT
11UT —5.7t L 14,1720
17UT 46715 —13.07 27
23UT —2.8+09) _ggtZl

Dry | All 3T I3 08T 2T
06 UT 24702 —95* 11
11UT —5.37 12 —12.97 1!
170T —35T L8 120t 33
23UT —21%95 | —84tll
Wet | All 517111 —13.47 28
06 UT - -
11UT —6.47 13| —14.37 38
17UT —4.9t 09| _133+27
23UT —3.9708| —12.1% 11

DRAFT

May 28, 2008, 10:20am

DRAFT



NAB, AS, GJR, JJS: SIMULATION OF LW RADIATION FROM RADAGAST

Table 7. Obs-cale, A(V) = Vyps —

Veaie Tesults for the GERB ARG TOA clear sky radiances,

L, and fluxes, F', per time bin (as medians and inter-quartile range). The data are shown for the

whole year, and subdivided into the two primary seasons. The dash denotes when the number

of data points for that time was fewer than 10% of the total number for that day.

A

Season | Time | L / Wm2sr! ‘ F / Wm?
Both | All —3.07 T —6.67 35
06 UT —2.7§ §§ —9~3$ ég

11UT _3'31 %32 _2'31 gfg

23 UT —2.4%0% 1 75t 1T

Dry | Al —2.47 0% —B.Ir5Y
06 UT —2.4+041 _ggt1lo
11UT —25+091 _g3t20
170UT —25F 101 4832
23UT —2.1704 1 _7ofls

Woet | All 42T T 93713
06 UT - -
11UT —45t 141 63138

17UT —4.1%;% —9.91 %é

23 UT 357901 —9.5+20
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Summary of the LW flux components available for divergence calculations. The bold

entries denote those which are considered the best estimate (least biased and/or most accurate).

Flux Sources \ Comment
Surface AMF
down, Fprr ES96 (clear sky) | (defined equivalent to AMF)
Surface AMF | biased w.r.t GERB ARG area
up, Fyrr ES96 | unbiased w.r.t GERB ARG area
TOA GERB ARG Edition 1 | from aerosol-free R
up, Forr ES96 (clear sky) | using simple aerosol representation

GERB/ES96 hybrid

GERB radiances and ES96 R
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Table 9.

component collections (as medians and inter-quartile range).

Flux collection

Divergence / Wm™

06 UT | 11UT | 17UT | 23UT

Observations | —194.77 05 [ —110.17 35| —188.37 (%7 [ —198.67 T/,
Simulations | —207.2% 53, | —117.8+ %3, | —199.7% 93 | —208.67 32,

Best estimate | —198.27 %7, | —=108.67 14| —189.37 3-8 | —203.07 V-2
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Figure 7.  Upper panel: Observation-calculation (obs-calc) of DLR (from individual calcu-

lations, A, and diurnal-means, A) vs. CWYV; red highlights show the effect of the March dust
storm. Lower panel: The same but when the ‘correction’ for the direct effect c.f. figure 8 is
included. The box-whisker plot shows the statistics of the ‘corrected’ obs-calc differences for

each CWV bin, denoted by the arrows.
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Figure 8. Observation-calculation (obs-calc) of diurnal-mean DLR, A, vs. the scaled, diurnal-
mean AOT(1020nm), 7. The data are divided into four CWV bins, and the parameters for the
associated linear fits are listed in table 4. These fits are used in figure 7 to ‘correct’ for the aerosol

direct effect.
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Figure 9. Comparison of AERI radiances in bands 4, 5, & 8 (c.f. table 3 for the band-passes)

for pristine (aerosol free) RT calculations.
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Figure 10.  Comparison of AERI radiances in ES96 bands 4, 5, & 8 (c.f. table 3 for the

band-passes) for clear sky (aerosol included) simulations.
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show the values derived from ES96 calculations and the crosses contemprous values from GERB
observations (thus crosses are equivalent between panels). Lower panel: As above, but for clear

sky conditions.
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Figure 12. Observation-calculation (obs-calc) difference for radiances and fluxes. Panels

a) and b) represent fluxes, with and without aerosol. Panels c¢) and d) are the equivalent for
radiances. The boxes represent the inter-quartile range, the solid bar & notch the median, and

the whiskers data within 150% of the upper and lower quartiles.
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Figure 14. The atmospheric divergence calculated from GERB & AMF observations (top),
simulation fluxes (middle) and best estimate flux components (bottom). The quoted values

correspond to the median (notch) for each time bin.
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