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Abstract. Surface radiative fluxes and their diurnal cycles are very important components in
the surface energy budget of the Arctic, and also critical forcing variables for land surface
models. An approach has been developed to derive diurnal cycles of the surface radiative
fluxes for the Arctic from 6-hourly accumulated surface downward shortwave and longwave
radiative fluxes in the European Center for Medium Range Weather Forecasts (ECMWF) 40-
year reanalysis (ERA-40) products by “correcting” interpolated hourly values with twice-
daily satellite-derived radiative fluxes. Ground-based measurements of the surface radiative
fluxes at an Arctic meteorological station are used to validate the approach. Results show that
the blended satellite-model products are in good agreement with the ground-based
measurements. Based on this blended product, diurnal cycles of surface radiative fluxes are
examined over time and space. It clearly shows that satellite-retrieved products in high spatial
and temporal resolutions are more realistic and accurate, and can be used to adjust or
“correct” the reanalysis products, especially for the polar region where there exist few ground
based measurements for diurnal cycle studies.
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1 INTRODUCTION

Numerical weather and climate model studies have demonstrated that the Arctic is one of the
most sensitive regions on Earth to global climate change [1-4]. Recent Arctic climate change
studies with observational data from ground-based measurements, field experiments, and
satellite retrieved products also show that the Arctic is indeed experiencing greater climate
change than ever before [5-18]. Changes in the Arctic climate are associated with the changes
in the hydrological cycle, cloud and aerosol variations, evolving ecosystems, and dynamical
perturbations, which eventually feed back to the global climate. Diurnal cycles of the surface
radiative fluxes are important components of the surface energy budget, and are therefore
important forcing variables to land surface models. Unfortunately, the Arctic is a data sparse
region with very few in-situ observations, most of them being in the coastal areas. Field
experiments and buoy measurements provide only short time period data for some specific
locations.
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An alternative approach to gaining a better understanding of the Arctic weather and
climate, particularly diurnal cycles, is to use numerical climate model analyses combined with
satellite data. The assumption is that satellites provide more accurate estimates of some
geophysical variables and do so with high resolution spatial coverage. However, satellites do
not provide the temporal sampling (hourly or 6-hourly) that models do. While some satellite
data and derived products, such as radiance data, cloud amount, cloud motion wind, ozone
amount, and atmospheric profile (refer to http://www.ecmwf.int/research/era/Observations/),
have been assimilated in reanalysis products from the National Centers for Environmental
Prediction (NCEP)/National Center for Atmospheric Research (NCAR) and the European
Centre for Medium Range Weather Forecasts (ECMWF), new satellite products can be used
to adjust or “correct” the reanalysis products, especially for the polar regions

In this study, an approach is developed to derive hourly downwelling shortwave and
longwave fluxes from the 6-hourly accumulated fluxes in the ECMWF Reanalysis ERA-40
product. Ground-based measurements from one Arctic station are used to validate derived
diurnal cycles of surface radiative fluxes, and are compared to the Advanced Very High
Resolution Radiometer (AVHRR) Polar Pathfinder extended (APP-x) products. A correction
algorithm is developed to blend or “correct” ERA-40 derived diurnal cycle data with APP-x
data at specific times.

2 DATA

The ECMWF 40-year reanalysis (ERA-40) currently covers the period September 1957 to
August 2002, overlapping the earlier ECMWF 15-year reanalysis called ERA-15 over 1979-
1993 [19]. ERA-40 basic surface and pressure level analyses interpolated to a 2.5° x 2.5°
regular latitude/longitude grid were used in this study. ERA-40 reanalysis fields are analyses
for 00:00, 06:00, 12:00, and 18:00 UTC each day, including many variables, but surface
downwelling shortwave and longwave fluxes are accumulations over 6-hour intervals, making
it impossible to directly determine diurnal cycles. A method to convert 6-hourly accumulation
into hourly radiative fluxes is presented in the next section.

The AVHRR Polar Pathfinder (APP) data set consists of twice-daily composites ata 5 x 5
km? pixel size over the period 1982-2004. The consistency of the retrieved products from
different NOAA polar orbital satellites over the period 1982 to 2004 was investigated by
Wang and Key (2003) [5] and found having no observable bias. The APP data set was
extended (hereinafter “APP-x”) to include the retrievals of cloud cover, cloud optical depth,
cloud particle phase and size, cloud top temperature and pressure, cloud type, surface skin
temperature, surface broadband albedo, and radiative fluxes as well as cloud radiative effects
(“cloud forcing”). For computational considerations the original 5 km APP data were sub-
sampled to 25 km by picking up the central pixel in a 5 x 5 pixel box. Retrievals were done
with the Cloud and Surface Parameter Retrieval (CASPR) system [20,21], which was
specially designed for polar AVHRR daytime and nighttime product retrievals. All parameters
are retrieved at all times, day or night. Radiative fluxes are calculated in the CASPR using
FluxNet [22], which is a neural network version of radiation transfer model called Streamer
[23]. The atmospheric profiles of temperature and humidity from the NCEP/NCAR reanalysis
data set provided by NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado, USA,
and the ISCCP D2 ozone data [24] provided by NASA Langley Research Center were also
used in CASPR retrieval process. The daily APP-x composites are centered on the local solar
time of 14:00 (high sun, but could be nighttime for some Arctic regions in winter) and 04:00
(low sun, but could be daytime for some Arctic regions in summer).

The APP-x products have been validated with the data collected during the Surface Heat
Balance of the Arctic Ocean (SHEBA) field experiment in the western Arctic [25,26], and
with the data from two Antarctic meteorological stations: South Pole and Neumayer [27]. The
APP-x products were primarily compared with SHEBA ship measurements for the purpose of
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error estimation by averaging APP-x 5 x 5 pixel boxes (25 x 25 km?) centered on the SHEBA
ship site [6,7].

3 DERIVING DIURNAL CYCLES FROM ERA-40

The ERA-40 downwelling shortwave and longwave fluxes are accumulations over 6-hour
intervals, and therefore must be converted to hourly values. For this conversion, relatively
simple parameterizations are used.

3.1 Surface downwelling solar radiative flux

There exist a variety of methods for the estimation of clear- and cloudy-sky solar and
terrestrial radiation fluxes at the surface for the Arctic. Based on a comparison by Key et al.
(1996) [28], a simple formula by Bennett (1982) [29] was selected for the estimation of clear-
sky solar radiative flux at the surface:

SW:=0.72 SycosZ, )]

where S, is the solar constant, Z is the solar zenith angle, and SW |, is surface downwelling
solar radiative flux under clear-sky conditions. For the estimation of the solar radiative flux
under all-sky conditions in the Arctic, the Jacobs (1978) [30] formula is employed:

SWlai=SW e (1-0.33c), (2)

where c is the cloud cover at the time of flux calculation to be interpolated from 6-hourly
ERA-40 data and corrected by the APP-x data (discussed later) , and SW|,; is surface
downwelling solar radiative flux under all-sky conditions. Thus, for each ERA-40 grid, the
all-sky solar radiative flux can be calculated by using the above formulas, with local solar
zenith angles calculated from the local time and latitude/longitude, and cloud cover obtained
by interpolating 4 times a day to 24 times a day and assuming that cloudiness changes within
6-hour interval are linear in the ERA-40 data.

ERA-40 flux data are given as accumulations over each 6-hour interval, so it is necessary
to convert to instantanecous fluxes for each hour. It is assumed that the accumulation of
theoretically calculated fluxes over the 6-hour interval by equations (1) and (2) should be
proportional to the actual ERA-40 accumulation over the same time period, and the following
relationship should be valid for both:

SW | ca/TOTAL(SW | ca Dstrs = SW | ero/(ERA-40 6-hour accumulation), 3)

where SW | ., and SW ., are the surface solar radiative fluxes at a specific time within the
accumulation time period. The actual solar flux SW ., at a specific time can then be derived
from equation (3).

3.2 Surface downwelling longwave radiative flux

A parameterization of the clear-sky longwave radiative flux by Idso and Jackson (1969) [31]
was selected:

LW |q,=0T*[1-0.261 exp{-7.77x10* (273 — T)*}], 4)
where LW |, is the surface downwelling longwave radiative flux under clear-sky conditions,

o is the Stefan-Boltzmann constant, and T is the near-surface air temperature. The all-sky
surface downwelling longwave radiative flux can be calculated by using the Jacobs (1978)
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[30] formula:
LW |ai=LW | (1 +0.260¢), %)

where LW |, is the surface all-sky downwelling longwave radiative flux. Thus, for each
ERA-40 grid, the all-sky longwave radiative flux can be calculated by using the above
formula (5) since the near-surface air temperatures and cloud cover can be obtained by
interpolating the 6-hourly data to hourly values assuming that the changes in cloud cover and
air temperature within 6-hour interval are linear.

As with the downwelling solar flux, the ERA-40 surface downwelling longwave flux data
are also given as an accumulation over the 6-hour interval, so it is necessary to convert it to a
flux at a specific time. It is assumed that the accumulation of theoretically calculated fluxes
over the 6-hour interval in equations (4) and (5) should be proportional to the actual ERA-40
accumulation over the same time period, and the following relationship should hold, that is:

LW | /TOTAL(LW | cat Jotrs = LW | era/ (ERA-40 6-hour accumulation), (6)

where LW |, and LW |, are the surface downwelling longwave radiative fluxes at a specific
time within the accumulation time period, i.e., a 6-hour interval, from above calculation and
ERA-40.

3.3 Other parameters

In order to estimate the diurnal cycles of the downwelling shortwave and longwave fluxes and
to blend them with satellite obervations, we need hourly values of cloud cover, near-surface
air temperature and dew-point temperature, solar zenith angle, surface broadband albedo, and
cloud visible optical depth. Hourly values were estimated by using simple linear interpolation
between the 4-times per day ERA-40 data or the twice daily APP-x product. The variables
that are derived from ERA-40 are total cloud cover, 2-meter air temperature, 2-meter dew-
point air temperature, solar zenith angle, while the APP-x provides total cloud cover, cloud
visible optical depth, and surface broadband albedo.

4 COMPARISON BETWEEN ERA-40, APP-X, AND GROUND
MEASUREMENTS

To intercompare ERA-40, APP-x, and ground-based measurements of surface radiative
fluxes, meteorological station measurements from Kougarok Site 2 at 65°25.70°N,
164°38.61’W in Alaska were used. The station measurements were taken from 10-meter
meteorological towers during the Arctic Transitions in the Land-Atmosphere System
(ATLAS) project [32]. The ground-based measurements of the surface radiative fluxes are
available on an hourly time scale since 1999.

Figure 1 shows the comparisons between these three data sets for the surface downwelling
shortwave radiative fluxes in September, 1999. Cloudiness estimates from APP-x and ERA-
40 are also shown in the figure. The ERA-40 reanalysis data for Kougarok is the result of
bilinear interpolation, and the APP-x data for Kougarok is the result of averaging a box of 5 x
5 pixels, i.e., an area of 125 km x 125 km, centered on the Kougarok site. The ground-based
measurements at Kougarok are only available for the months of July, August, September, and
October with most measurements in September. Overall, the APP-x is better than the ERA-40
in comparison to the ground-based measurements. For a total of 133 available measurements
in 1999, the mean of the station measurements is 155.84 Wm™; the mean from APP-x is
154.07 Wm”, and the mean from ERA-40 is 159.31 Wm™. APP-x and ERA-40 both well
correlated with the surface measurements. Figure 2 shows the same comparisons as Figure 1,
but for the surface downwelling longwave radiative fluxes. The ground-based mean is 297.18
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Wm™. The ERA-40 systematically overestimates the longwave fluxes with the mean of
313.11 Wm?, while the APP-x has the mean of 302.56 Wm™. Overall, the APP-x provides
better estimates of the surface downwelling shortwave and longwave radiative fluxes than
ERA-40 in comparison to the ground-based measurements, indicating the potential to improve
diurnal cycles of these parameters by “correcting” the reanalysis values at times when satellite
data are available.
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Fig. 1. Comparison of the surface downwelling shortwave radiative fluxes between

ERA-40, APP-x, and Kougarok for September,1999. Red curve stands for
the ground-based measurements at Kougarok site, blue curve represents
ERA-40, and black crosses denote APP-x. Cloudiness information from
ERA-40 and APP-x is also plotted in the bottom panel.
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Fig. 2. Same as Figure 1, but for the comparison of the surface downwelling longwave
radiative fluxes.
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5 CORRECTION ALGORITHM FOR THE BIASES BETWEEN ERA-40
AND APP-X

To blend the satellite data and the model analysis, the systematic bias between two data sets
needs to be removed. Based on the comparisons in section 4, the APP-x data set appears to be
closer to the ground-based measurements than the modeling analysis. It is therefore
reasonable to adjust the ERA-40 diurnal cycle values based on the differences, or biases,
between those two data sets. A bias correction can be accomplished by developing bias
regression equations, polynomial in form and being based on the differences between the two
data sets. Bias regression equations for all grid points have the same form but different
coefficients.

For the surface downwelling shortwave radiative flux (hereafter “SSRD”), the bias
regression equation takes the form:

(Sbias/(SSRD+1)) = Cy+ Cyla+1) + Cofc+1) + Cy(d+2) + Cy(u+1) + Cs(a+1)(c+1) +
Cs(a+1)(d+1) + Cilat)(u+l1) + Cs(ct)(d+1) + Co(c+I) (utl) +
Cro(d+1)(ut1) + Cy(a+l)(c+1)(d+1) + Cpp(atD)(ct1) )(u+l) +
Cis(atD)(d+1) )(u+1) + Cryfc+1)(d+1) )( ptl) +
Cis(a+D)(ctD)(d+1)(ut+1) (7

where Shias is ERA-40 minus APP-x, SSRD is ERA-40 surface downwelling shortwave
radiative flux, a is the surface broadband albedo from APP-x, ¢ is ERA-40 cloud cover, d is
the difference in cloud cover between ERA-40 and APP-x, and  is the cosine of solar zenith
angle. Cy;s are regression coefficients (different for each grid point).

The method is similar for the surface downwelling longwave radiative flux (hereafter
“STRD”):

(Thias/(STRD+1)) = Cy+ Ci(a+1) + Cofc+1) + Cy(t+2) + Cyle+1) + Cs(a+1)(c+1) +
Cs(a+1)(t+1) + Cy(atI)(et+1) + Cy(c+1)(t+1) + Co(ct1) (et+1) +
Cu(t+1)(e+]) + Cplatl)(ctl)(t+1) + Cpp(a+)(ct1) )(et]) +
Cis(at+1)(t+1) )(e +1) + Cryfc+1)(t+1) )(e +1) +
Cistat)(ct)(t+1)(e +1) (®)

where Thias is ERA-40 minus APP-x, STRD is ERA-40 surface downwelling longwave
radiative flux, a is ERA-40 cloud cover, c¢ is the cloud cover difference between ERA-40 and
APP-x, ¢ is blackbody irradiance calculated from the ERA-40 2-meter air temperature with the
Stefan-Boltzmann law , i.e., t = 6 T,", e is the difference in blackbody irradiance between the
2-meter air temperature T, and 2-meter dew-point temperature Td,, i.e.,e = o T24 -0 Td24, and
Co-15 are the regression coefficients (different for different grid point).

To test the significance of the bias regression equations and validate the method, an
independent statistical test was performed. Two time series of the bias data set, one for the
creation of the regression equation coefficients (odd numbered years) and the other for
statistical testing (even numbered years), were used. Thirty-one locations were chosen for the
test by comparing the bias mean and standard deviation before and after the bias corrections.
Figure 3 shows an example of the surface downwelling shortwave fluxes at one location
(latitude: 70°N, longitude: 180°E). The overall bias and standard deviation for the differences
between ERA-40 and APP-x are reduced to 2.36 Wm™ from -57.36 Wm™ and to 23.95 Wm™
from 44.29 Wm after applying the bias correction algorithms for the downwelling shortwave
and longwave fluxes, respectively. Figure 4 shows for the surface downwelling longwave
radiative fluxes at the same location. The overall bias and standard deviation are reduced to
1.46 Wm™ from 7.60 Wm™ and 9.50 Wm™ from 14.31 Wm™, respectively. This demonstrates
the validity and effectiveness of the bias correction algorithms for “correcting” the ERA-40
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Fig. 4. Same as Figure 3, but for the STRD biases and STRD values from ERA-40.

Figures 5 and 6 show the biases between ERA-40 and the ground-based measurements at
Kougarok before and after applying the correction algorithms. The mean and standard
deviation of the differences are given in Table 1 alone with the improvement in percent that is
defined as the quotient of difference between uncorrected value and corrected value divided
by uncorrected value. Both the mean difference and the variability of the differences are
reduced considerably. These results clearly show that the bias correction and blending of the
satellite and reanalysis data sets result in an improved product.
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Table 1. Bias between ERA-40 and Kougarok Surface Measurements for the Diurnal
Cycles of Surface Downwelling Radiative Fluxes in 1999.

Variable Name Statistics Uncorrected (W m?) | Corrected(W m™) | Improvement (%)
SSRD Bias 40.11 9.23 77%
Standard deviation 59.51 44.82 25%
STRD Bias 35.28 22.38 37%
Standard Deviation 84.12 31.96 62%

The standard deviation ¢ of the SSRD is improved about 25% which is less than the
SSRD bias improvement (77%), the possible reasons include large variability of the SSRD as
seen in Figure 5 due to the changing illumination geometry over time, the model grid cell
estimate versus ground-based point measurement, and the inconsistent cloud cover estimates
from the two data sets that affect the SSRD estimate significantly, while the relatively bigger
improvement on the SSRD bias could also be the result of the cancellation of positive and
negative biases taken into the average. The bigger improvement of the STRD standard
deviation (62%) than the STRD bias improvement (37%) could be the result of less variability
of the STRD over time as seen in Figure 6, making it easier to be regressed than the SSRD,
and the different cloud cover estimates from the two data sets because of the different spatial
resolution and temporal difference could also make the STRD bias bigger since the STRD
values are much more sensitive to cloud cover than to any other factors. The uncertainties in
other factors such as surface 2-meter air temperature and dew-point temperature could also
add the errors to the estimates of the STRD values. The further investigation on the error
sources need to be done in the future study.

6 DERIVED DIURNAL CYCLE DATA SET

Though there has been some research on the use of satellite data for studying diurnal cycles
[33,34], diurnal cycles in the polar regions have received little, if any, attention. This is in
part due to the difficulty in estimating cloud and surface properties in such extreme
meteorological conditions. While problems still remain, new products such as APP-x provide
estimates of the surface and cloud properties with accuracies sufficient for many climate
studies. Reanalysis products, such as ERA-40, provide complementary information. We now
examine diurnal cycles over the Arctic in the blended APP-x/ERA-40 data product, which we
call the APP-x Derived Diurnal Cycle (hereinafter “APP-x DDC”) data set.

Figure 7 is an example of the diurnal cycles of the surface downwelling shortwave and
longwave radiative fluxes at Kougarok site on January 15, April 15, July 15, and October 15
in 1999 derived from APP-x DDC on an Equal-Area Scalable Earth (EASE) grid with the
spatial resolution of 2.5 by 2.5 degrees. Bilinear interpolation was employed to estimate the
diurnal cycle data at Kougarok site in local solar time. The cloudiness, which was also derived
from our diurnal cycle data set, is also plotted. As expected, the maximum downwelling
shortwave flux occurs at local noon, while the variability of the downwelling longwave fluxes
over a day resembles more or less the diurnal cycle of cloudiness, but not always true because
of prevalent temperature inversion in the Arctic. Of course, the maximum shortwave flux does
not always occur at noon because cloud cover varies throughout the day.
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Fig. 7. Diurnal cycles of SSRD (red curve) and STRD (black curve) from APP-x DDC dataset
for January 15 (a), April 15 (b), July 15 (c), and October 15 (d) in 1999. The blue curve
at the bottom of each plot represents cloudiness from the ERA-40 dataset.

With the APP-x DDC data set, it is also possible to examine the spatial distributions of the
diurnal cycles. Figure 8 shows hourly snapshots of the surface shortwave fluxes for the
Northern Hemisphere region north of 30°N on July 3, 1999. Figures 9 and 10 show the
surface longwave fluxes and cloudiness, respectively.
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Fig. 8. Hourly snapshots of the downwelling shortwave fluxes at the surface over the Northern
Hemisphere region north of 30°N over 24 hours on July 3, 1999. UTC time is labeled at the

upper left corner of each hourly snapshot.
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Fig. 9. Same as Figure 8, but for the downwelling longwave fluxes at the surface.
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Fig. 10. Same as Figure 8, but for cloudiness.

A diurnal cycle data set of the Arctic surface downwelling shortwave and longwave radiative
fluxes at relatively high spatial resolution is needed not only for diurnal cycle studies but also
for land surface modeling. Satellite products with relatively high spatial resolution can be
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assimilated into global or regional numerical models and blended with model products such as
the ERA-40 reanalysis products, as described above, to provide the best possible estimates of
climate variables for a better understanding and analysis of Arctic climate change. It has not
been previously possible to obtain adequate Arctic descriptions of diurnal variations of
surface downwelling shortwave and longwave radiative fluxes because of the lack of ground
observations and the limited and/or biased capability of numerical models for the polar
region.

This study has developed an approach for deriving diurnal cycles of the surface
downwelling shortwave (SSRD) and longwave (STRD) radiative fluxes from a blend of the 6-
hourly ERA-40 reanalysis and the APP-x satellite data set, applicable to not only clear-sky
conditions but also cloudy-sky conditions. The comparisons of the SSRD and STRD diurnal
cycles with respect to the ground-based measurements at Kougarok, Alaska, show that APP-x
is better than the ERA-40 for the estimates of SSRD and STRD, indicating the potential to
develop algorithms to correct biases resulting in ERA-40 diurnal cycles. Consequently,
algorithms have been developed to correct the biases in the ERA-40 data set, and the
correction methods are used to derive the ERA-40 diurnal cycle data set. The blending of the
APP-x data with the ERA-40 diurnal cycle data proves successful and effective in the creation
of reliable and more accurate diurnal cycle data set as verified by the comparisons between
the “corrected” and “uncorrected” products with ground-based measurements. The overall
standard deviations of SSRD and STRD in the corrected product are reduced to 44.82Wm™
and 31.96 Wm™ from 59.51Wm™ and 84.12 Wm™, respectively, in the uncorrected product
with respect to the ground-based measurements. The diurnal cycle data set of SSRD, STRD,
and cloudiness was derived from the ERA-40 reanalysis products blended with the APP-x
products for the North-Hemisphere region north of 30°N over 1982-2000 for further diurnal
cycle study.

Future work includes an application of the diurnal cycle data set to study climatological
features of surface downwelling shortwave and longwave radiative fluxes, to drive land
surface model runs as initial conditions, and to find possible Arctic climate change
mechanisms related to the surface radiative fluxes.
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