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ABSTRACT
Few surface-observation networks exist that provide comprehensive multiyear, multiseason observations of
surface energy fluxes and subsurface soil moisture and temperature, combined with near-surface atmospheric
data. More such networks are needed to validate, improve, and calibrate current global weather and climate
models, including those used as the backbone or background models in global reanalysis. One such measurement
system is the Oklahoma Mesonet–Oklahoma Atmospheric Surface-layer Instrumentation System (OASIS), which
provides atmospheric, surface, and soil data in real time. This study compares 2 yr of surface energy and water
budget data from two OASIS sites located in two distinct climate zones with NCEP–NCAR global reanalysis
(GR) estimates. The intraseasonal hydrological and thermodynamic cycles are discussed. Results show generally
good agreement between most reanalysis values and observations. Incoming and reflected shortwave radiation
are largely overestimated by the GR, and incoming longwave radiation is slightly underestimated by the GR
when compared to OASIS observations. The GR significantly overestimates latent heat (LE) at the Idabel,
Oklahoma (IDAB) site. Furthermore, the GR likely underestimates entrainment of drier air from above the PBL
and mixes the turbulent fluxes over too shallow of a layer. Both the reanalysis and observations find a positive
water residual for the easternmost site (IDAB) but estimate a negative near-surface water residual for the western
site [Boise City, Oklahoma (BOIS)]. Overall, surface fluxes and thermodynamic properties were well analyzed
by the reanalysis at capturing the unique features associated with each OASIS site.

1. Introduction
Multiseasonal observations of the soil, surface, and atmospheric state are needed to improve climate model atmosphere and land surface coupling and parameterizations. Shuttleworth (1991) proposed that long-term, single
site data be used for calibration and validation of global
climate model (GCM) performance, stating that ‘‘monthlyaverage values of weather variables and surface exchange
fluxes measured at a point are representative of the monthly-average values for a GCM grid box centered on that
point.’’ However, until recently few measurement systems
were available to provide such comprehensive data. One
such network, the Oklahoma Mesonet and Oklahoma Atmospheric Surface-layer Instrumentation System (OASIS), has provided continuous observations of soil moisture, surface radiation and fluxes, and atmospheric data
since 1 January 2000. Field studies such as the First International Satellite Land Surface Climatology Project
(ISLSCP) Field Experiment (FIFE; Sellers et al. 1988) and
the Atmospheric Radiation Measurement (ARM) Program
(Stokes and Schwartz 1994) have been limited to a single
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climate zone, whereas the OASIS measurements cover
several climate zones across Oklahoma (Brotzge et al.
1999). Thus, data from several climate regions can be
tested simultaneously.
The goal of this work is to evaluate the surface energy
and water budgets of the National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) global reanalysis (Kalnay et al.
1996; Kistler et al. 2001) by comparison with 2 yr of
OASIS observations collected from two distinct climate
regimes. This study provides a unique opportunity to evaluate NCEP–NCAR reanalysis values across multiple seasons to identify seasonally dependent error (e.g., seasonal
changes in radiation and precipitation) and across several
sites to more clearly identify the impact of site-specific
surface parameters (e.g., soil and vegetation type). Furthermore, this study supports the hypothesis posed by
Shuttleworth (1991) that long-term, single site data can
be used to evaluate coarse-resolution model analysis. This
study extends the work by Betts et al. (1996), Betts and
Ball (1998), and Roads and Betts (2000).
2. Data
a. Oklahoma Mesonet/OASIS observations
The Oklahoma Mesonet (Brock et al. 1995) is an
observational network of 115 meteorological stations
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TABLE 1. Summary of site specifications.
Boise City (BOIS)
Lat (8)
Lon (8)

FIG. 1. Oklahoma state map displaying the mesonet sites located at
Boise City and Idabel.

across Oklahoma that collects, archives, and quality
controls atmospheric, surface, and soil data in real time.
Air temperature, atmospheric pressure, relative humidity, precipitation, and wind speed and direction are recorded every 5 min; soil temperature and moisture (soil
water potential) are recorded at four depths (5, 25, 60,
and 75 cm) every 30 min. During late 1999, the
Oklahoma Atmospheric Surface-layer Instrumentation
System (Brotzge et al. 1999) outfitted 90 mesonet sites
with additional sensors to record net radiation (Rn) and
surface and ground fluxes. Additionally, 10 of these 90
sites, dubbed ‘‘super sites,’’ were equipped with fourcomponent net radiometers, sonic anemometers and
Krypton hygrometers, and additional ground flux sensors. These stations provided 5-min observations of incoming and outgoing shortwave and longwave radiation; sensible heat (H), latent heat (LE), and ground
heat (G) fluxes; and skin temperature. At least one super
site was located in each of Oklahoma’s nine climatic
zones to ensure a diverse yet simultaneous set of observations from across the state. Data for this study were
collected from 1 January 2000 to 31 December 2001
from two super sites near Boise City and Idabel (Fig.
1). Brotzge and Weber (2002) provide a complete description of all radiation and flux instrumentation and
measurement techniques, and Basara and Crawford
(2000) provide a description of the soil matric potential
sensors, installation methods, and the conversion of the
soil water potential to soil moisture estimates.
All data were calibrated and quality controlled as described by Brotzge et al. (2001). Standard mesonet data
were further quality assured by a series of automated
and manual checks (Shafer et al. 2000). Redundant instrumentation at the super sites allowed most missing
flux data to be replaced; for example, during precipitation, data from the sonic anemometer are unavailable.
Thus, sensible heat flux estimates were replaced using
a gradient profile technique (Brotzge and Crawford
2000). If no redundant instrumentation were available
(e.g., ground heat flux and soil moisture), missing hourly
data were linearly interpolated.
Details of the two observing sites, Boise City (BOIS)
and Idabel (IDAB), are provided in Table 1. BOIS is
located in the westernmost county of the Oklahoma pan-

Elev (m)
Slope (8)
Primary land
use
Vegetation
type
Bare soil
(%)
Litter (%)
Soil type
(class)
Clay (%)
Silt (%)
Sand (%)

Idabel (IDAB)

36.69
(368419330N)
2102.50
(1028299490W)
1268.0
0.00

33.83
(338499490N)
294.88
(948529500W)
110.0
0.06

Scrub

Pasture

Blue grama (48%)
Hairy grama (17%)

Little barley (28%)
White clover (15%)

21
17

12
5

Clay loam
36.0
27.9
36.2

Silt loam
20.4
69.0
10.7

handle. The site is characterized by very flat terrain with
excellent fetch from all directions. Vegetation is sparse
and consists of short grasses and scrub brush. IDAB is
in the southeasternmost county of Oklahoma. The site
is characterized by gently rolling pasture with patches
of trees within the fetch area. Annual rainfall at BOIS
averages less than 500 mm, while IDAB averages 1030
mm yr 21 . The annual mean temperature at BOIS is
13.58C, and the annual mean temperature at IDAB is
16.68C. (Additional information and photographs of the
sites can be found online at http://www.mesonetpou.edu/
siteinfo/.)
b. NCEP–NCAR reanalysis data
The NCEP–NCAR reanalysis (Kalnay et al. 1996;
Kistler et al. 2001) provides long-term model analysis
ideal for the study and initialization of global- and regional-climate-scale models. Global reanalysis (GR) estimates were generated using a single, ‘‘frozen’’ version
of an operational numerical model, which was then run
for the period from 1948 to present. All reanalysis values used in this study were analyzed on a 192 3 94
point Gaussian grid (approximate 1.9058N 3 1.8758E
resolution) and bilinearly interpolated from the surrounding four grid points to the mesonet site for comparison.
3. Surface radiation budget
Monthly means of near-surface radiation were estimated for BOIS (Figs. 2a,c; Table 2a) and IDAB (Figs.
2b,d; Table 2b) for 2000 and 2001 from 5-min observations of incoming and outgoing shortwave and longwave radiation. Results for 2001 are identical to those
from 2000 and are not shown. An examination of shortwave radiation data from the OASIS and GR shows
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FIG. 2. Monthly averages during 2000 of shortwave radiation (SW; W m 22 ) for (a) Boise City and (b) Idabel. Monthly averages of
longwave radiation (LW; W m 22 ) for (c) Boise City and (d) Idabel during 2000.

much higher incoming shortwave radiation by the GR
at both sites for every month during the 2-yr study period. Incoming shortwave radiation by GR was overestimated by 16.9% at BOIS and 27.3% at IDAB relative
to the observed values. Betts et al. (1996) also discovered that GR estimates of solar radiation were too large
and attributed the error to the model atmosphere being
too transparent and too few clouds being produced in
the model. Improved solar radiation analysis was one
impetus for developing the NCEP/Atmospheric Model
Intercomparison Project II (AMIP-II) Department of Energy (DOE) reanalysis (Kanamitsu et al. 2002). The GR

underestimated incoming longwave radiation at both
sites relative to OASIS by 5.5% at BOIS and 6.0% at
IDAB during every month of the 2-yr period. The overestimation in incoming shortwave radiation and the underestimation in longwave radiation likely indicate that
too few clouds were produced by the model analysis.
Differences in emitted longwave radiation between GR
and OASIS are almost negligible, with a 2-yr mean
difference (GR 2 OASIS) at BOIS of 23.9 W m 22 and
a 0.2 W m 22 difference at IDAB.
The significant overestimation of incoming shortwave
radiation by the GR is largely offset by a model analysis

Unauthenticated | Downloaded 01/09/23 05:56 AM UTC

314

JOURNAL OF HYDROMETEOROLOGY

VOLUME 5

TABLE 2a. Statistics of the monthly OASIS observations and global reanalysis estimates for 2000–01 at Boise City. The observed (O) and
model predicted (P) mean (X ), standard deviation (s), mean bias error (MBE), standard deviation of the MBE ( s O2P ), root-mean-square
error (rmse), mean absolute error (MAE), and correlation (RO,P) are presented. Statistics are defined as given by Willmott (1982).
XO
SWin (W m22 )
SWout (W m22 )
LWin (W m22 )
LWout (W m22 )
Rn (W m22 )
Albedo (%)
G (W m22 )
Hsonic (W m22 )
HBR (W m22 )
LEsonic (W m22 )
LEresid (W m22 )
LEBR (W m22 )
BR
Closure (%)
P (mm)
ETsonic (mm)
ETresid (mm)
ETBR (mm)
DSM 0–10 cm (mm)
P-ETsonic-DSM 0–10 cm
P-ETresid-DSM 0–10 cm
P-ETBR-DSM 0–10 cm

215.6
42.4
316.9
390.8
98.3
21.2
0.7
47.8
52.1
38.8
49.8
45.5
1.41
87.3
33.6
40.9
52.5
48.0
20.02
27.3
219.0
214.4

so

sp

MBE

s O 2P

Rmse

MAE

R O,P

76.0
11.8
47.3
59.6
59.1
8.3
5.9
26.8
27.5
29.0
36.6
34.3
1.32
11.6
36.7
30.8
38.8
36.4
3.7
31.9
37.5
35.2

78.9
13.5
53.1
57.7
62.4
6.3
3.5
37.0
37.0
33.1
33.1
33.1
1.99
7.3
43.3
34.9
34.9
34.9
6.8
33.6
33.6
33.6

36.4
24.7
217.5
20.9
23.9
6.8
0.0
2.2
22.1
1.7
29.3
25.0
0.11

11.6
8.5
7.2
5.5
10.0
4.8
2.9
17.9
16.3
15.5
19.7
17.8
1.6

38.2
26.0
18.8
5.4
10.5
8.3
2.9
17.7
16.1
15.2
21.2
18.2
1.61

36.4
24.7
17.5
4.0
8.8
7.2
2.3
14.2
13.5
10.5
15.7
12.6
1.07

0.99
0.78
1.0
1.0
0.99
0.81
0.93
0.89
0.91
0.88
0.84
0.86
0.57

2.5
1.8
29.9
25.3
20.06
0.8
12.4
7.9

30.1
16.3
20.8
18.8
4.5
21.3
23.6
22.4

29.6
16.0
22.6
19.1
4.4
20.9
26.3
23.3

22.0
11.1
16.5
13.3
2.7
15.9
21.2
18.7

0.73
0.88
0.85
0.86
0.79
0.79
0.78
0.79

XP
252.0
67.1
299.5
390.0
94.4
28.0
0.7
50.0
50.0
40.5
40.5
40.5
1.52
96.4
36.1
42.7
42.7
42.7
20.08
26.5
26.5
26.5

albedo that is much too large. Reflected shortwave radiation is 58.3% greater at BOIS and 51.7% greater at
IDAB than observations. This yields a 2-yr mean albedo
at BOIS of 28.0% from the GR compared to measured
OASIS values of 21.2%. Albedo estimates at IDAB
were 24.4% from the GR and 20.6% from OASIS. Betts
et al. (1996) found very similar results from FIFE data.
A plot of the daily GR and OASIS albedo data from
BOIS and IDAB shows the rather static nature of the
GR estimates (Fig. 3). The daily minimum albedo from

the GR is, in general, about 5% higher than those observed, and little daily to monthly variability is noted.
The observed albedo from OASIS reflects daily changes
in the near-surface soil moisture, vegetation state, and
snow cover. Only snow cover acts to significantly alter
the GR albedo estimates.
Two different sensors are installed at the super sites
for measuring net radiation, and the data from these
systems are compared to ensure the quality of the radiation data. The net radiation data, as summed from

TABLE 2b. Same as Table 2a, but for Idabel.
XO
SWin (W m22 )
SWout (W m22 )
LWin (W m22 )
LWout (W m22 )
Rn (W m22 )
Albedo (%)
G (W m22 )
Hsonic (W m22 )
HBR (W m22 )
LEsonic (W m22 )
LEresid (W m22 )
LEBR (W m22 )
BR
Closure (%)
P (mm)
ETsonic (mm)
ETresid (mm)
ETBR (mm)
DSM 0–10 cm (mm)
P-ETsonic-DSM 0–10 cm
P-ETresid-DSM 0–10 cm
P-ETBR-DSM 0–10 cm

184.7
36.9
358.6
405.0
100.3
20.6
0.3
24.2
27.9
58.7
75.8
72.1
0.35
83.0
108.0
61.9
79.9
75.9
0.32
45.7
27.7
31.7

XP
235.1
56.0
337.0
405.2
110.8
24.4
21.2
24.5
24.5
86.0
86.0
86.0
0.3
98.4
99.6
90.5
90.5
90.5
0.14
8.9
8.9
8.9

so

sp

MBE

s O 2P

Rmse

MAE

R

65.4
10.9
43.5
49.5
50.6
3.2
6.8
17.3
19.3
27.0
35.6
34.1
0.3
5.6
98.1
28.7
37.7
36.1
9.6
98.7
103.2
102.1

65.3
11.9
51.5
49.7
54.6
3.1
5.7
23.2
23.2
34.4
34.4
34.4
0.3
1.6
61.8
36.5
36.5
36.5
5.9
51.8
51.8
51.8

50.4
19.1
221.6
0.2
10.6
3.8
21.5
0.3
22.4
27.2
10.1
13.9
20.09

18.5
4.6
9.0
5.1
12.9
2.5
2.0
13.9
14.3
11.5
9.6
9.4
0.04

53.5
19.6
23.3
5.0
16.5
4.6
2.5
13.6
14.4
29.5
13.8
16.7
0.22

50.4
19.1
21.6
4.2
13.1
3.9
1.9
11.2
12.0
27.2
11.0
14.1
0.17

0.96
0.92
1.0
1.0
0.97
0.68
0.96
0.80
0.79
0.96
0.96
0.96
0.74

28.4
28.6
10.6
14.6
20.18
236.8
218.8
222.8

81.3
12.0
9.9
9.8
5.8
77.1
81.6
80.5

80.1
30.9
14.4
17.4
5.7
84.0
82.1
82.1

49.5
28.6
11.6
14.8
4.5
57.1
50.9
51.4

0.56
0.96
0.96
0.96
0.82
0.63
0.62
0.63
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FIG. 3. Daily averages of albedo (%) as estimated from OASIS and GR from 1 Jan 2000 to 31 Dec 2001 for (a) Boise City and (b)
Idabel.

the four components of the CNR1 radiometer (as used
in Figs. 2 and 3), are compared against the net radiation
data as measured by the NR-Lite, a simpler, domeless
net radiometer. Daily estimates were computed from
each system from data collected during 2000 (Fig. 4).
On average, the NR-Lite underestimated net radiation
at BOIS by 14.8 W m 22 with a mean standard deviation
of 4.8 W m 22 compared to the CNR1. Results from
IDAB were similar, with the NR-Lite underestimating
radiation by 11.3 W m 22 with a mean standard deviation
of 7.3 W m 22 . Brotzge and Duchon (2000) found a
similar comparison, with the NR-Lite underestimating
net radiation compared to the CNR1 because of calibration and wind- and precipitation-induced cooling errors. Nevertheless, Brotzge and Duchon (2000) and
Brotzge and Crawford (2003) found the CNR1 to be a
more stable and accurate sensor than the NR-Lite.
4. Surface energy budget
Net radiation estimates (Figs. 5a and 6a) were
summed from 5-min observations of incoming and outgoing shortwave and longwave radiation as shown in

FIG. 4. Daily estimates of net radiation (W m 22 ) as observed from
the CNR1 and NR-Lite radiometers. Data were collected from Boise
City (Bois) and Idabel (Idab) from 1 Jan to 31 Dec 2000.

Fig. 2. Monthly means of G, LE, and H were estimated
from 5-min observations (Figs. 5b–d and 6b–d).
Because of the large model analysis albedo, the GR
estimates of Rn at BOIS are 4.0% (4 W m 22 ) less than
those measured from OASIS. Net radiation analysis at
IDAB is 10.6% (10.5 W m 22 ) higher than those measured; the Rn bias is much greater at IDAB than at BOIS
in part because the incoming shortwave radiation bias
was much greater at IDAB than at BOIS.
Given the significant spatial heterogeneity often associated with soil parameters, the model analyses of
ground heat flux at BOIS (Fig. 5b) and IDAB (Fig. 6b)
were remarkably similar to observed values. Positive
values of G represent energy absorbed by the soil, and
negative values represent energy extracted from the soil.
While monthly values of G during the winter season
generally ranged between 25 and 210 W m 22 , such
values exceeded 30% of the available energy (R n 2 G).
The 2-yr mean difference (GR 2 OASIS) of G was 0.0
W m 22 at BOIS and 21.5 W m 22 at IDAB. The monthly
variability was greater among observed values at both
sites, but monthly trends were captured by the analysis.
Correlation estimates between OASIS and GR values
were promising, with a correlation of 0.93 at BOIS and
0.96 at IDAB.
Incoming energy not absorbed by the soil or emitted
or reflected from the surface is available for conversion
into sensible heat and latent heat energy. Monthly means
of LE (Figs. 5c and 6c) and H (Figs. 5d and 6d) were
estimated for BOIS and IDAB during 2000 and 2001.
Estimates of LEsonic from GR and OASIS compared favorably at BOIS with a 2-yr mean difference of only
1.8 W m 22 . Results were much less favorable at IDAB
where the mean difference was 27.2 W m 22 .
Sensible heat fluxes from the GR and OASIS compared more favorably than did LE (Figs. 5d and 6d).
Two-year mean differences of H were only 2.2 W m 22
at BOIS and 0.3 W m 22 at IDAB. For the 2-yr, GR for
BOIS underestimated H relative to the measurements
during the winter months and overestimated H during
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FIG. 5. Data collected during 1 Jan 2000–31 Dec 2001 at the Boise City mesonet site (OASIS) is compared against the NCEP–NCAR
global reanalysis (GR). Monthly means (W m 22 ) of (a) net radiation (R n ), (b) ground heat flux (G ), (c) latent heat flux (LE), and (d) sensible
heat flux (H ) are shown. Note that LE and H are EC measurements.

the summer months. However, for IDAB, the pattern is
less regular, and the GR estimates of H were less than
those from OASIS during May–December 2001.
One reason for the large differences in LE at IDAB
between the GR and observations is the significant overestimation in the GR values of R n . As discussed above,
GR estimates of R n at IDAB are over 10% too high. To
test the impact of this overestimation on the monthly
flux totals, GR estimates of G, H, and LE were scaled
as a function of the observed net radiation. The difference between the GR values and the observations decreased for LE to 19.8 W m 22 ; however, the differences
for H and G actually increased to 22.5 and 21.7 W

m 22 , respectively. Rms differences remained the same.
Similar adjustments made to the estimates at BOIS made
all flux differences increase.
A second explanation for the large differences in LE
at IDAB between the GR and observations is reanalysis
model error. As noted by Kalnay et al. (1996), reanalysis
surface fluxes are derived solely from the model physics
and are not directly influenced by any assimilated observations. Thus, GR flux estimates are only as accurate
as the model physics.
A third reason for the large differences in LE at IDAB
is measurement errors of LEsonic by the OASIS. The
OASIS directly estimates LE from an eddy covariance
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FIG. 6. As in Fig. 5, but for the Idabel mesonet site.

(EC) system that includes a sonic anemometer and
Krypton hygrometer. A review of previous field programs found that EC systems typically underestimate
surface fluxes (Twine et al. 2000; Brotzge and Crawford
2003). At EC sites, the independently measured terms
of the surface energy budget, as defined by (R n 2 H 2
LE 2 G) do not sum to zero as otherwise expected by
the conservation of energy. Instead, (R n 2 H 2 LE 2
G) . 0, and either R n is overestimated, and/or H, LE,
and/or G is underestimated. Twine et al. (2000) determined that both H and LE are underestimated, as a
function of the Bowen ratio. Brotzge and Crawford
(2003) found that only LE is likely underestimated. This
problem is typically quantified in terms of its residual,
(R n 2 H 2 LE 2 G 5 Residual) or in terms of ‘‘clo-

sure,’’ defined by C (%) 5 (H 1 LE) / (R n 2 G) 3
100. In this study, the mean monthly residual (closure)
was measured at 11 W m 22 (87.3%) at BOIS and 17.1
W m 22 (83.0%) at IDAB.
One option for determining the ‘‘true’’ LE is simply
by estimating LE as the residual of the surface energy
budget (LEresid 5 R n 2 Hsonic 2 G). This solution implies
that all measurement errors appear in LEresid . This option
decreased (GR 2 OASIS) LE differences at IDAB from
27.3 to 10.1 W m 22 . Furthermore, when the net radiation
‘‘adjustment’’ is applied, the mean (GR 2 OASIS) difference decreases further to 2.7 W m 22 . A second option, posed by Twine et al. (2000), is to estimate a new
H (HBR ) and LE (LEBR ) based upon the measured 30min Bowen ratios (BRs) as defined by the original EC
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FIG. 7. Monthly averages of near-surface specific humidity (q; g kg 21 ) and potential temperature (u; K). Data collected during 2000 at the
(a) Boise City and (b) Idabel mesonet sites.

observations of H (Hsonic ) and LE (LEsonic ). This option
also decreased (GR 2 OASIS) LE differences at IDAB
to 13.9 W m 22 , but increased (GR 2 OASIS) H differences at IDAB from 0.3 to 3.4 W m 22 . The net radiation adjustment decreased LE differences to 6.5 W
m 22 , but increased H difference to 6.3 W m 22 . Neither
the residual method nor the Bowen ratio method decreased the (GR 2 OASIS) flux differences at BOIS.
5. Impact of surface forcing upon the boundary
layer
Betts (1984, 1992) introduced the use of thermodynamic diagrams of potential temperature (u) and specific
humidity (q) to more easily illustrate the diurnal cycle
of the surface mixed layer. Betts and Ball (1995) used
this technique to demonstrate the impact of soil moisture
on the mixed-layer thermodynamics. Markowski and
Stensrud (1998) used similar plots to investigate the
impact of convection on surface-layer thermodynamics.
In general, the atmospheric surface layer is influenced
by mixing with the surface from below and by mixing
with the free atmosphere above. During the day, surface
fluxes tend to warm and moisten the mixed layer, and

entrainment fluxes at the top of the PBL tend to warm
and dry the mixed layer. At night, radiative cooling
stabilizes the boundary layer, and possible dew and fog
formation can lead to a cooling and drying of this nearsurface layer. An excellent graphical demonstration of
this is provided in Fig. 7 of Markowski and Stensrud
(1998).
For this study, monthly means of near-surface u versus q are plotted to further evaluate the reanalysis estimates as well as to highlight month-to-month variability between sites (Figs. 7 and 8). Data from both
sites show a general increase in u and q from January
to July, followed by a general decrease in temperature
and moisture through December. The annual pattern observed at IDAB shows smooth month-to-month transitions, with increasing potential temperature to specific
humidity at a 2-yr mean rate of 1.73 K (g kg 21 ) 21 . The
annual cycle at BOIS, however, is much more varied,
in part because of the greater sensitivity to precipitation
and radiative forcing, and the ratio of potential temperature to specific humidity increases at a much faster
rate of 3.54 K (g kg 21 ) 21 . The much thicker vegetation
coverage at IDAB moderates the impact of precipitation
and radiative forcing.

FIG. 8. As in Fig. 7, but for 2001.
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FIG. 9. Monthly diurnal averages of specific humidity (q; g kg 21 ) and potential temperature (u; K). Data collected during 2000 at the (a)
Boise City and (b) Idabel mesonet sites.

A comparison between the observations and reanalysis shows that the GR captures the seasonal changes
of u and q at both site locations. The reanalysis estimates
fall within one standard deviation of the observations.
The standard deviation of u ranges from 4.58C in January to 1.88C in July; q ranges from 0.5 g kg 21 in
January to 2.0 g kg 21 in June. The model analysis of u
2 q at BOIS is 1–2 g kg 21 too moist every month, but
such high q estimates are likely due to the artificially
much higher number of precipitation days from the GR.
The model analysis of u 2 q at IDAB is 18–28C too
cool during the winter months and is 18–28C too warm
during the summer of 2000.
Monthly mean diurnal cycles were plotted for BOIS
and IDAB for 2000 (Fig. 9) and 2001 (Fig. 10). These
diagrams reveal the interplay between heat and moisture
as a function of seasonality and time of day. Most diurnal cycles progress counterclockwise with the lowest
u value observed near sunrise and the highest u just
prior to sunset. Note that the diurnal cycle at BOIS for
December 2001 apparently drops below the saturated
specific humidity (q s ) because an annual mean q s is
plotted.
For a clearer understanding of the diurnal cycle, q

and u values were averaged during the summer months
of June, July, and August of 2000 (Fig. 11) and 2001
(Fig. 12). The observed diurnal cycles varied little between 2000 and 2001, but significant differences were
found between sites. The diurnal cycle of u 2 q at BOIS
during 2000 and 2001 shows a minimum in u at sunrise
at 1200 UTC. By 1400 UTC, the surface layer had
warmed 48C and moistened by 0.5 g kg 21 , aided by a
shallow but growing surface layer and high latent heat
flux. In 2000, LE at BOIS balanced dry air entrainment
until about 1500 UTC. In 2001, the surface layer ‘‘mixed
out’’ after 1400 UTC. The surface layer then warmed
and dried throughout the afternoon until approximately
2200 UTC, just prior to sunset. After 2200 UTC, the
surface layer again stabilized. Note how quickly the
surface layer decoupled and cooled within a 2-h span
between 0000 and 0200 UTC. Nocturnal radiative cooling from the surface and from the atmospheric layer
itself began to cool the surface-layer air, and LE continued to moisten the surface layer even after 2200 UTC.
After 0600–0800 UTC, nocturnal radiational cooling
began to dominate.
The diurnal cycle of u 2 q for IDAB showed a much
different pattern from BOIS. The surface layer at IDAB

FIG. 10. As in Fig. 9, but for 2001.
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FIG. 11. A scatterplot of 92-day averages of specific humidity (q; g kg 21 ) and potential temperature (u; K) plotted as a function of time
of day (UTC). Data collected during Jun, Jul, and Aug of 2000 at the (a) Boise City and (b) Idabel mesonet sites.

moistened rapidly by nearly 1.5 g kg 21 between 1200
and 1300 UTC. The layer continued to moisten until
1500 to 1600 UTC, 1–2 h longer than observed at BOIS,
because of the much lower Bowen ratio at the surface.
Dry air entrainment then dominated surface fluxes as
the mixed layer warmed and dried until about 2200
UTC. After sunset, the layer becomes decoupled and
quickly cooled and moistened, almost as quickly as the
rapid rise in moisture just after sunrise. After 0200 UTC,
however, the conditions at IDAB began to dry. Contrary
to observations from BOIS, the surface layer becomes
much cooler and drier at the saturation rate, which is
indicative of dew and fog formation. Between 0200 and
1100 UTC, the surface layer dried by approximately 1.5
g kg 21 . Note that nearly all of the moisture condensed
in the form of dew and fog during the night is rapidly
evaporated back into the atmosphere during the early
morning. Haugland and Crawford (2002) also noted that
a daily double maximum in the diurnal evolution of the
moisture field was commonly observed at many of the
mesonet sites.
The diurnal cycles of u and q as analyzed by the GR
are statistically similar to those observed. The GR estimates fall within the standard deviation of the obser-

vations. The typical variability of the observations of u
and q at 1800 UTC range from 4.68C and 2.1 g kg 21
at BOIS to 4.58C and 3.1 g kg 21 at IDAB. These results
are consistent with those from Betts et al. (1996), who
found that model u and q estimates compared within
628C and 62 g kg 21 of the observed u and q, respectively. The diurnal cycle at BOIS is about 1 g kg 21 too
moist, but does reflect the overall daily pattern. The
diurnal cycle at IDAB during 2000 is 1 g kg 21 too dry,
but daily cycles during 2000 and 2001 capture some of
the early morning condensation. The GR estimates from
both BOIS and IDAB fail to mix the near-surface air
properly by 1800 UTC, leaving the analysis much too
moist compared to 1200 UTC. The overestimate of LE
at IDAB likely contributed to these high afternoon estimates of q. Betts et al. (1996) found the model reanalysis mixes out over too shallow of a layer and underestimates entrainment of drier air from above the
PBL.
Differences in the observed thermodynamic cycles
between BOIS and IDAB are due, in part, to differences
in elevation, as well as differences in their proximity to
Gulf of Mexico return moisture flow. BOIS is located
over 1 km higher in elevation than IDAB. In addition,

FIG. 12. As in Fig. 11, but for 2001.
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FIG. 13. The summer averages of wind speed (m s 21 ) for Boise
City (Bois) and Idabel (Idab) plotted as a function of time of day
(UTC). Data collected during Jun, Jul, and Aug of 2001.

BOIS is much drier and has greater sensible heating
than does IDAB. Thus, BOIS requires much less time
to mix out. Likewise, IDAB has greater latent heating
and requires a longer period of mixing. This difference
plays a crucial role in the diurnal evolution of the PBL.
Furthermore, this difference in PBL depth is cited as
playing a key role in the development and propagation
of drylines (Bluestein 1993).
The behavior of the surface-layer thermodynamics is
better understood by an examination of the near-surface
wind speeds. The 2-m wind speeds were averaged during June, July, and August of 2001 at BOIS and IDAB
(Fig. 13). Several features of the observed winds are to
be noted. First, wind speeds observed at BOIS are nearly
double those observed at IDAB. Wind speeds averaged
3.34 m s 21 at BOIS and only 1.56 m s 21 at IDAB. The
windier conditions at BOIS contributed to earlier mixing
(see Fig. 11) of the boundary layer (1400–1500 UTC)
than is observed at IDAB (1500–1600 UTC). During
the night, higher wind speeds at BOIS prevented dew
formation, which kept q values relatively moist. Very
light to calm winds at IDAB allowed for dew formation
during much of the night. Second, wind speeds are indicative of the atmospheric-layer stability. Wind speeds
at both sites slowed 1–2 m s 21 at 0100 to 0200 UTC
as the boundary layer stabilized because of radiative
cooling at sunset. Examination of the diurnal cycles of
the surface fluxes show that while the R n , H, and G
values became negative at 2300–0000 UTC, LE remained positive until 0100–0200 UTC (yielding a negative BR during this time). This moistened the boundary
layers at both IDAB and BOIS. However, the much
stronger winds at BOIS kept q well mixed within a deep
but stable boundary layer, whereas the much lighter
winds at IDAB allowed q within the now much shallower, stable boundary layer to equal, or even exceed,
the q values observed during the day. Wind speeds increased 1–2 m s 21 at 1200–1300 UTC because of rapid
destabilization at sunrise.
A third feature in the wind field at BOIS (Fig. 13) is

evidence of the nocturnal low-level jet (LLJ) as indicated by the local wind maximum between 0300 and
0700 UTC. Estimates of q during this same time show
a coinciding increase of 0.4 g kg 21 . After 0700 UTC q
drops again as winds become lighter and some moisture
is condensed as dew or fog. This local nocturnal maximum occurs from May to September, each time accompanied by a significant increase in q. Uccellini and
Johnson (1979) identified the LLJ as a major source of
heat and moisture transport. Bonner’s (1968) climatology of the LLJ found that most were observed during
the summer and furthermore, that the BOIS site is located near the geographical maximum. Stensrud (1996)
estimated 57% of low-level jets in his study occurred
62 h of 0600 UTC, consistent with the wind speed
maximum in Fig. 13.
Failure of the GR to slow the nocturnal winds at
IDAB likely inhibits proper development of the thermodynamic cycle. The high nocturnal winds of the GR
prevent near-surface thermodynamic stabilization and a
secondary increase in q from LE especially during 2001.
Because the GR values are available only four times
daily, the LLJ cannot be resolved from the GR data.
6. Surface water budget
The monthly water budget, as defined for a 1D column, is

O P 2 O ET 2 O R 2 O D 2 DSM 5 0,
r

(1)

where monthly sum totals (S) include precipitation (P),
evapotranspiration (ET), surface and subterranean runoff (R), and drainage (D r ). The differential soil moisture
(DSM) term represents the change in water amount in
the soil through the depth of the total soil column, in
this case, the soil depth is assumed to extend 2 m below
the top of the soil surface. The GR uses a two-layer soil
model: one layer extends from 0 to 10 cm, and a second
layer extends from 10 to 200 cm below ground. Soil
water potential was measured at 5, 25, 60, and 75 cm
at BOIS and at 5- and 25-cm depths at IDAB. Because
no in situ data were available below 75 cm, only the
mesonet 5-cm derived soil moisture data were compared
against the 0–10-cm estimate from the reanalysis.
Monthly totals (mm) of precipitation (Fig. 14a) and
evapotranspiration (Fig. 14b) were estimated at BOIS
and IDAB for 2000 and 2001. Monthly statistics of
OASIS and reanalysis values for BOIS and IDAB are
provided in Tables 2a and 2b, respectively. The observed 2-yr monthly mean of precipitation at BOIS is
33.6 mm, characterizing a relatively dry period on average. The reanalysis monthly mean precipitation is 36.1
mm, approximately 7.4% higher than observed. The GR
also recorded a slightly greater monthly standard deviation of 43.4 mm compared to the observed 36.7 mm.
An examination of monthly trends (Fig. 14a) shows that
GR generally overestimated P at BOIS during February–May of both years, while GR underestimated P at
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FIG. 14. Monthly estimates (mm) of (a) precipitation (P) and (b) evapotranspiration (ET). Data collected at the Boise City and Idabel
sites during 1 Jan 2000–31 Dec 2001.

BOIS during the summer months of July and August.
The 2-yr observed monthly mean precipitation of 108
mm at IDAB is over 3 times the amount observed at
BOIS. The reanalysis monthly mean precipitation for
the corresponding years at IDAB is 99.6 mm, approximately 7.8% less than the observed. For IDAB, the GR
standard deviation of P at 61.8 mm is much less than
the observed 98.1 mm.
Precipitation is among the most difficult model parameters to assess. It has a much weaker spatial correlation than other atmospheric variables, especially
during the spring and summer months because of its
convective nature (Brotzge and Richardson 2003). Because BOIS and IDAB are near the center of the reanalysis grid boxes, bilinear interpolation was the chosen method for model evaluation. As a consequence,
this approach inherently includes smoothed rainfall
events ‘‘recorded’’ at each of the four surrounding grid
points, 210 km apart. Thus, twice as many rainfall days
are recorded by the GR than at the mesonet site location.
This likely explains the poor correlation even for monthly precipitation between the GR estimates and mesonet
observations (see Tables 2a and 2b).
Monthly sums of evapotranspiration (mm) as observed by the OASIS stations and estimated by GR are
shown in Fig. 14b and summarized in Tables 2a and
2b. The sonic estimates of ET at BOIS are within an
average 1.8 mm month 21 of observations. Examination
of ET at IDAB reveals significant differences between
OASIS and GR estimates. Global reanalysis exceeds ET
at IDAB by 28.6 mm month 21 relative to OASIS measurements, despite underestimating P by 8.4 mm
month 21 . A review of monthly estimates in Fig. 14b
shows that the GR values exceed observed ET during

every month of the 2-yr period. For this study, both the
residual and BR methods were used to estimate new ET
statistics (see Tables 2a and 2b).
By adjusting the original ET estimates (ETsonic ) at
BOIS, mean monthly (GR 2 OASIS) differences increased from 1.8 mm for (ETGR 2 ETsonic ) to 29.9 and
25.3 mm for (ETGR 2 ETresid ) and (ETGR 2 ETBR ),
respectively. At IDAB, adjustments to ET lowered the
(ETGR 2 ETsonic ) difference from 28.6 to 10.6 mm for
(ETGR 2 ETresid ) and to 14.6 mm for (ETGR 2 ETBR ).
Thus, as discussed in section 4, adjustments made to
the measured ET at BOIS increased (GR 2 OASIS)
differences, while adjustments made to ET at IDAB
significantly reduced (GR 2 OASIS) differences.
Some precipitation is stored within the soil column
and is a critical control in determining evapotranspiration rates. The soil column itself becomes an important
storage of available water. Soil water content (m 3 m 23 )
is estimated indirectly from the OASIS measurements
of soil water potential. For this study, estimated 5-cm
soil water content is assumed to be equal to the 0–10cm-layer average to permit direct comparisons with the
GR values. The change in monthly soil water content
was then calculated from both OASIS and GR estimates
(Figs. 15a and 15b). Differences between OASIS and
GR estimates primarily reflect differences in precipitation. However, spatial heterogeneity of soil properties,
rooting depths, and vegetation characteristics also contribute to magnifying the differences between the GR
values and OASIS measurements.
At a monthly time scale, precipitation minus the storage closure of the near-surface soil layer minus ET
equals surface runoff (R) plus subsurface drainage (D r )
(.200 cm depth) plus storage change of the deep-layer
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FIG. 15. Monthly estimates (mm) of the change in the amount of water in the near-surface (0–10 cm) soil layer. Data collected at the (a)
Boise City and (b) Idabel sites during 1 Jan 2000–31 Dec 2001.

soil column (DSM10–200cm ). Equation (1) is rewritten in
the form

O P 2 O ET 2 DSM

0–10 cm

5

OR1OD

r

1 DSM10–200 cm ,

(2)

where the left-hand side represents measured quantities
at the OASIS sites and the right-hand side represents a
residual of the water budget that includes the sum of
runoff, drainage, and deep-level (below 10 cm) soil water storage. Positive residual values indicate that excess
water is partitioned over runoff, drainage, and storage
change in the deep-layer soil column. Negative residual
values indicate that ET and near-surface soil moisture
changes exceed precipitation, and that 1) a significant
moisture delivery is made by the deeper soil column
(below 10 cm), and/or 2) a secondary water source (i.e.,
irrigation) contributes to the water budget at the site.
The water budget residuals using ETsonic are plotted
for BOIS (Fig. 16a) and IDAB (Fig. 16b) for 2000 and
2001 and are presented in Tables 2a and 2b as monthly
averages for all three combinations of ET. The 2-yr residual sum (SP 2 SETsonic 2 DSM 0–10cm ) as measured
at the BOIS site is 2176.2 mm; the GR residual summation at BOIS is 2156.9 mm. In other words, more
water has been extracted from the site at BOIS than has
been received by precipitation.
Instrument error introduces some degree of uncertainty into all observations. Rain gauge measurements
from the mesonet are limited to a 1% inaccuracy reading, and Alter-style wind screens are used to reduce
wind-induced precipitation loss (Brock et al. 1995).
Nevertheless, mesonet rain gauges are not heated, and

frozen precipitation may be a source of some underestimation.
The soil column (10–200 cm) is a significant contributor to the water balance at BOIS. Evidence of this
was found from daily data collected at BOIS during 27
August–6 October 2000, a 40-day period of severe
drought conditions. During the period, only 1.8 mm of
rainfall was reported, and so the 5-, 25-, 60-, and 75cm soil water potential estimates remained nearly constant at the wilting point. However, ET totaled 31.4 mm
during the same 40-day period, although the amount
decreased daily. Thus, a considerable amount of water
must be available to the system for ET from the soil
column below 75 cm. The dominant plant type at the
BOIS site is blue grama, a common prairie grass with
roots typically 90–180 cm deep, well below the 75-cm
measurement.
Confirmation for the negative right-hand side values
in Eq. (2) at BOIS is that 2000 and 2001 are part of a
long-term drying trend. Illston and Basara (2003) detected a 5-yr (1997–2001) drying trend across
Oklahoma from the soil moisture network. The mean
statewide soil moisture over the first 75 cm decreased
during each of the 5 yr and rebounded only after aboveaverage precipitation during the latter half of 2002. An
examination of 10 yr (1993–2002) of GR estimates for
BOIS reflects this exact same trend for the near-surface
water balance (Table 3). During the 10-yr period, only
GR values during 1997 and 2002 record a surplus (positive) water balance residual. During negative water balance years, deeper level (below 10 cm) soil moisture
and/or secondary water sources (below 2 m) must pro-
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FIG. 16. Monthly estimates of the near-surface water residual (mm), defined as the monthly sum totals of precipitation (SP), evapotranspiration (SET), and the monthly change in the near-surface soil moisture (DSM 0–10cm ). Data collected at (a) Boise City and (b) Idabel during
1 Jan 2000–31 Dec 2001.

vide the necessary moisture for evapotranspiration.
Nevertheless, even when deep-level soil moisture
(DSM10–200cm ) is included in the GR water budget analysis, the 10-yr sum total remains negative at 2166.3
mm.
Global reanalysis estimates show IDAB as a water
source, yielding a 2-yr water residual total of 214.2 mm
(Fig. 15b; Table 2b). Because ET is overestimated by
the GR, the water residual estimate is likely underestimated. Water residual estimates using EC data yield a
2-yr total of 1097.8 mm; however, because ETsonic is
likely underestimated by the EC system at IDAB, a more
reliable water budget residual value is 665.0 mm found
using ETresid . Evidence from the BOIS and IDAB comparisons suggests that both aboveground runoff and adequate deep-reservoir water sources are critical to capturing the proper behavior of monthly to seasonal water
and energy budget cycles.
7. Conclusions
This study examined the surface radiation, the surface
energy, and near-surface water budget data from two
OASIS sites located in two distinct climate zones with
NCEP–NCAR global reanalysis estimates. The comparison identified several reanalysis deviations from the
2-yr observational data.

A comparison of the net radiation budget between
OASIS observations and GR yielded several apparent
problems with the reanalysis values. Several model biases were found including an overestimate in incoming
shortwave radiation and an underestimate in incoming
longwave radiation. As suggested by Betts et al. (1996),
the model atmosphere is too transparent and the model
produces too few clouds. Furthermore, the model albedo
is much too high (4%–8%), and day-to-day variations
are limited within the model and do not change as a
function of surface wetness or vegetation cover as readily as the observations.
The surface energy budgets as computed from the
reanalysis and observations compared favorably well.
Mean differences (GR 2 OASIS) in G were less than
1.5 W m 22 , and estimates of H were within 5%. Latent
heat estimates from the GR compare well with observations at BOIS using LEsonic , but the GR significantly
overestimates LE at IDAB. Three problems likely contribute to the overestimation in LE at IDAB: 1) a 10%
overestimation of Rn by the GR, 2) the GR surface
fluxes are derived solely from the model physics and
are not directly influenced by any assimilated observations, and 3) the OASIS sonic observations most likely underestimate LE, as evidenced by the lack of ‘‘closure’’ of the surface energy budget. Despite the suspected observation problems, no corrective measures

TABLE 3. Mean annual, near-surface water residual, SP 2 SET 2 DSM 0–10cm (mm), for the NCEP–NCAR reanalysis values for 1993–
2002 at Boise City.
Year

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

Residual

276.1

281.2

242.2

233.1

184.4

2123.5

220.8

218.6

2132.1

12.2
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uniformly improved LE differences between the reanalysis and measurements at both sites. It is interesting
to note that the largest errors in LE occurred at IDAB,
which is more vegetated and has higher soil moisture
than BOIS. More extensive work is needed to determine
the precise cause of this overestimation in LE.
Mean monthly estimates of the thermodynamic cycles
reflected the distinct seasonal climatologies associated
with each site, and seasonal trends were well analyzed.
However, diurnal cycles of u 2 q by the GR failed to
mix the near-surface PBL properly, which led to an
overestimate in the rate of increase of q between 1200
and 1800 UTC. The GR also failed to slow the nocturnal
near-surface winds at IDAB. Finally, observations indicated evidence of the nocturnal LLJ impacting the
mean summertime diurnal u 2 q cycle.
A comparison of the water budget data from the reanalysis and observations yielded several interesting results. Difficulty with observations and interpolation limits to an unknown extent accurate assessment of P and
ET. Observations of frozen precipitation are likely underestimated by the mesonet because the rain gauge is
unheated and because of wind-induced effects. Bilinear
interpolation of the reanalysis values to a single point
tends to overestimate the number of rainfall days. The
high spatial variability of rainfall, particularly because
of its convective nature in Oklahoma, further inhibits a
reliable comparison between model and observed data.
Sum totals of P, ET, and the change in soil water from
both NCEP–NCAR reanalysis and OASIS measurements yield a positive water residual (SP 2 SET 2
DSM 0–10cm ) at IDAB, but a negative water residual at
BOIS. However, the negative near-surface water residual is compensated by the significant water source available in the deep soil column, particularly below 1 m.
The root zone of the dominant vegetation type lies between 1 and 2 m, and significant ET is observed even
after the soil column between 0 and 0.75 m has reached
its wilting point. The occurrence of a negative nearsurface water balance seems to be indicative of a longerterm (51 yr) drying trend for which the annual ET
exceeds (P 2 DSM 0–10 ) and leaving vegetation to rely
on soil moisture storage from deeper levels. The fact
that both observations and model analysis indicate this
long-term drying trend at BOIS is encouraging for the
detection of other long-term hydrological changes.
Overall, the generally good agreement between the
NCEP–NCAR reanalysis estimates and mesonet–OASIS observations lends support to the hypothesis posed
by Shuttleworth (1991) that long-term, single site data
can be used to evaluate coarse-resolution model analysis. The surface energy and water budgets as measured
at the BOIS and IDAB sites represent regional radiation,
surface flux, and soil moisture behavior ideal for model
analysis. The next step will be to use this database as
a foundation from which to begin validation of GCM
and regional-scale numerical models. Future work will
also include comparisons of mesonet–OASIS data with

NCEP/AMIP-II DOE reanalysis and the NCEP regional
reanalysis estimates to document improvements in reanalysis efforts.
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