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ABSTRACT

The California Reanalysis Downscaling at 10 km (CaRD10) was compared with the North American
Regional Reanalysis (NARR), which is a data assimilation regional analysis at 32-km resolution and
3-hourly output using the Eta Model for the period 1979 through the present using the NCEP/Department
of Energy (DOE) reanalysis as lateral boundary conditions. The objectives of this comparison are twofold:
1) to understand the efficacy of regional downscaling and horizontal resolution and 2) to estimate the
uncertainties in regional analyses due to system differences.

The large-scale component of atmospheric analysis is similar in CaRD10 and NARR. The CaRD10 daily
winds fit better to station observations than NARR over ocean where daily variability is large and over land.
The daily near-surface temperature comparison shows a similar temporal correlation with observations in
CaRD10 and NARR. Several synoptic examples such as the Catalina eddy, coastally trapped wind reversal,
and Santa Ana winds are better produced in CaRD10 than NARR. These suggest that the horizontal
resolution of the model has a large influence on the regional analysis, and the near-surface observation is
not properly assimilated in the current state-of-the-art regional data assimilation system.

The CaRD10 near-surface temperature and winds on monthly and hourly scales are similar to NARR
with more regional details available in CaRD10. The Southwestern monsoon is poorly reproduced in
CaRDI10 because of the position of the lateral boundary. The spatial pattern of the two precipitation
analyses is similar, but CaRD10 shows smaller-scale features despite a positive bias. The trends of 500-hPa
height and precipitation are similar in the two analyses but the near-surface temperature trend spatial
patterns do not agree, suggesting the importance of regional topography, model physics, and land surface
schemes. A comparison of a major storm event shows that both analyses suffer from budget residual.
CaRD10’s large precipitation is related to wind direction, spatial distribution of precipitable water, and a
large moisture convergence.

Dynamical downscaling forced by a global analysis is a computationally economical approach to regional-
scale long-term climate analysis and can provide a high-quality climate analysis comparable to current
state-of-the-art data-assimilated regional reanalysis. However, uncertainties in regional analyses can be

large and caution should be exercised when using them for climate applications.

1. Introduction

The detailed description of the California Reanalysis
Downscaling at 10 km system (CaRD10) and the veri-
fication of the product compared to the station obser-
vation were presented in Part I of this two-part paper
(Kanamitsu and Kanamaru 2007, hereafter Part I). In
summary, it was shown that the downscaled analysis fits
much better to regional-scale station observations than
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the coarse-resolution National Centers for Environ-
mental Prediction—National Center for Atmospheric
Research (NCEP-NCAR) reanalysis (NNR) used to
force the regional model, supporting the premise that
the regional downscaling is a viable method to attain
regional detail from large-scale analysis without re-
gional data assimilation.

Recently, high-resolution regional reanalysis over
North America was conducted by NCEP [North
American Regional Reanalysis (NARR); Mesinger et
al. 2006]. NARR is a comprehensive effort to produce
historical high-resolution analysis over North America
using a state-of-the-art variational data assimilation sys-
tem utilizing various types of high spatial resolution
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satellite observation, surface observation, and gridded
observed precipitation. NARR was performed with the
horizontal resolution of 32 km and 3-hourly outputs for
the period from 1979 to the present.

The CaRD10 project was designed to produce a long-
term, high-resolution climate dataset over California.
CaRD10 does not cover NARR’s large area, nor does it
use any of the regional-scale observations NARR uses.
However, three unique features distinguish CaRD10
from NARR: 10-km horizontal resolution, hourly out-
put, and coverage from 1948 to the present.

This paper has two primary objectives. The first is to
understand the ability of regional downscaling, the
state-of-the-art data assimilation system that uses near-
surface observations, and the role of horizontal resolu-
tion in regional analyses. The second is to estimate the
uncertainties in regional analyses. A comparison of
these two analyses provides uncertainties in the re-
gional analyses that are difficult to assess without mul-
tiple independent regional analyses.

The comparison of CaRD10 and NARR is not ex-
actly analogous to the comparison of two reanalyses
because of the large differences in these two analysis
systems. CaRD10 is a dynamically downscaled analysis
of NCEP-NCAR reanalysis (Kalnay et al. 1996). The
dynamical downscaling technique with the scale-
selective bias correction scheme (Kanamaru and Kana-
mitsu 2007) used in CaRDI10 is discussed in Part I.
NARR is a regional reanalysis with assimilation of ob-
servations using NCEP/Department of Energy (DOE)
reanalysis (Kanamitsu et al. 2002) as a lateral boundary
condition. The forecast model used in CaRD10 is based
on the sigma-coordinate Regional Spectral Model
(RSM) and its physical processes were taken from the
NCEP seasonal forecast model. On the other hand, the
model used in NARR is an eta-coordinate gridpoint
model with physical processes quite different from
RSM.

There are several major differences between the ob-
servations used in NNR (large-scale forcing for
CaRD10) and NARR. For example, NNR uses satel-
lite-retrieved temperature but NARR uses raw radi-
ance observation and more surface observations. Major
differences are expected in the regional-scale but not in
the large-scale components (see section 2). It should be
noted that NARR does not use 2-m temperature ob-
servation over land. Also, although near-surface winds
and humidity are used in NARR, their impact on the
analysis was found to be “marginal” (Mesinger et al.
2006). Surface pressure is likely to be a small-scale ob-
servation that had more impact on NARR, but how
much this observation affects the analysis of other vari-
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ables is not very clear. Accordingly, the dense surface
observations in NARR may not make a large contribu-
tion to its resulting analysis. In addition to surface ob-
servations, NARR uses observed gridded precipitation
in the data assimilation, which adds small-scale features
in the precipitation observation and changes tempera-
ture profile and specific humidity.

First of all, it is essential to understand the difference
in surface topography between CaRD10 and NARR,
which is probably one of the greatest factors accounting
for the difference in surface variables. Figures la,b
show the surface height in CaRD10 and NARR, re-
spectively, and Fig. 1c shows the surface height differ-
ence between the two. The largest difference is in the
Sierra Nevada where CaRD10 is higher than NARR by
as much as 800 m on the windward side of the mountain
range and lower by up to 600 m on the lee side.

The paper is organized as follows. In section 2, the
large-scale analyses between CaRD10 and NARR are
compared. In section 3, the fit of the analyses to station
observations is discussed. Section 4 presents compari-
sons of several synoptic-scale events. Sections 3 and 4
examine the efficacy of regional downscaling and the
importance of horizontal resolution. Section 5 com-
pares monthly mean near-surface temperature, winds,
precipitation, soil moisture, and evaporation. Section 6
presents an hourly scale comparison of near-surface
temperature and winds. Section 7 compares the trends
of near-surface temperature, 500-hPa height, and pre-
cipitation. Section 8 focuses on a major storm event and
compares the water budgets. Sections 5-8 are designed
to demonstrate the uncertainties in the regional analy-
ses that resulted from differences in the systems. Sec-
tion 9 concludes the paper.

2. Difference in large-scale analysis

Before comparing the CaRD10 and NARR regional-
scale analyses in detail, we will first examine the differ-
ence in the large-scale component of the two analyses.
The difference can be significant since the observations
used in these two analyses are very different, as dis-
cussed in the previous section. CaRD10 is simply forced
by large-scale analysis without directly assimilating ob-
servations, so examination of the difference in large-
scale analysis is important. If the large-scale analyses
between CaRD10 and NARR are very different, we
can never expect CaRD10 to be similar to NARR. For
this comparison, we used 500-hPa height and 200-hPa
wind fields as “large-scale analysis,” since small-scale
features appearing near the surface are sufficiently
damped and only large-scale features remain at these
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FiG. 1. Surface height (m) in (a) CaRD10, (b) NARR, and (c) the difference between the two analyses.

levels. Here we define “large scale” as a scale greater
than 1000 km, which is used as a critical scale for the
wind to be forced to global reanalysis in the scale-
selective bias correction method. The 1000-km scale for
the CaRD10 domain of approximately 1600 km X 2000
km implies a wave with one positive and one negative
peak and a node at the center in both x and y directions.

The root-mean-square differences (RMSDs) of daily
500-hPa height analyses averaged for winter [December—
February (DJF)] and summer [June-August (JJA)] 2001
and 2002 over the CaRD10 domain (8.2 and 7.0 m,
respectively) are of about the same magnitude as the
observational error of a radiosonde (Xu et al. 2001).
The maximum difference of winter and summer mean
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TABLE 1. Vector anomaly correlation and RMSE of winds of 2 analyses and 15 buoy observations during 2000. All vector correlations
in the table are significant at the 95% level from bootstrap tests. When at least one of the scalar correlations (i, v winds, and wind speed)
is different from its counterpart at the 95% significance level, the better correlation is indicated in bold.

January August
Correlation RMSE (ms™') Correlation RMSE (ms™!)
CaRD10 NARR CaRD10 NARR CaRD10 NARR CaRD10 NARR
bll N/A N/A N/A N/A 0.65 0.69 1.48 1.19
b12 N/A N/A N/A N/A 0.68 0.68 1.98 1.67
bl13 0.94 0.95 2.70 2.15 0.72 0.80 2.20 2.59
bl4 0.89 0.88 2.69 2.14 0.78 0.70 1.88 1.86
b22 0.91 0.89 3.17 221 0.64 0.67 2.39 1.56
b23 0.73 0.89 3.89 2.82 0.69 0.67 1.73 1.47
b25 0.77 0.76 2.77 2.21 0.58 0.55 1.27 1.53
b26 0.92 0.91 2.48 2.71 0.83 0.75 1.36 2.94
b28 N/A N/A N/A N/A 0.73 0.69 221 1.76
b42 0.88 0.93 3.16 2.09 0.69 0.68 1.88 1.62
b47 0.93 0.93 2.72 1.86 0.78 0.86 1.40 121
b53 0.69 0.70 2.52 2.45 0.54 0.62 2.35 1.79
b54 0.66 0.77 3.57 2.01 0.67 0.81 2.03 1.34
b62 0.85 0.85 2.71 1.95 0.68 0.68 1.61 1.28
b63 0.69 0.85 291 1.37 N/A N/A N/A N/A
All-station average 0.82 0.86 2.94 2.17 0.69 0.70 1.84 1.70

500-hPa height between CaRD10 and NARR for the
period 1979-2002 is about 4 m. These comparisons
clearly indicate that the large-scale analyses between
CaRD10 and NARR are close enough to produce simi-
lar climate analyses. A similar comparison of upper-
level daily wind showed that the RMSD at 200 hPa is
about 3 m s~ ! in both seasons, which is the same level
as the observational error. The comparison of the fit to
selected radiosonde winds showed that NARR RMSD
is 1-2 m s~ ' less than that of CaRD10. With the simi-
larities and differences as stated, we consider the large
scales of the CaRD10 and NARR sufficiently close to
enable CaRD10 to improve upon a variety of small-
scale features requiring resolution significantly higher
than that of the NARR.

3. Fit to station observations

In the next two sections we will focus on the efficacy
of the regional downscaling and the importance of hori-
zontal resolution. Table 1 is the comparison of correla-
tion and RMSE of daily mean winds at 15 buoy obser-
vations (see Fig. 1 and Table 2a of Part I) along the
California coast during January and August 2000. Over
the ocean, NARR winds fit better than CaRD10 to
buoy observations on the average of all stations, but at
some individual stations CaRD10 fits better than
NARR does. Those stations are generally located on
the lee side of the capes (e.g., bl4, b25, and b26). Sta-
tion b25 in particular is known for the large day-to-day

variability of winds due to the formation of mesoscale
eddies (Catalina eddy; see section 4a). The RMSE is
smaller in NARR than CaRD10 at most stations. The
assimilation of buoy winds in NARR apparently made
the analysis fit better to observations where small-scale
features do not dominate, but the higher horizontal
resolution of CaRD10 without the use of observations
has a small advantage over NARR where variability is
large.

This advantage of high spatial resolution is more
apparent in the wind analysis over land where the effect
of small-scale topography dominates. Table 2 is the
comparison of correlation and RMSE of daily mean
winds at 12 airport stations (see Fig. 1 and Table 2¢ of
Part I) in California for January and August 2000. The
CaRD10 fits better than NARR at most stations in
terms of both correlation and RMSE, implying that de-
tailed topography is essential for regional analysis over
land even though these stations are located in relatively
flat open areas. Surface wind observations are assimi-
lated in NARR, but the additional information over
land seems to be of limited benefit, partly due to its
coarse-resolution topography.

Table 3 presents the comparison of the correlation of
daily mean temperature at the same stations as those of
the wind verification over land. On all station averages,
CaRD10 is better in correlation and bias but worse in
RMSE than NARR. At individual stations, neither
CaRD10 nor NARR stand out in terms of correlation.
RMSE (mean bias is removed) is smaller in NARR
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TABLE 2. Same as in Table 1, but for 2 analyses and 12 land station observations.
January August
Correlation RMSE (ms™ 1) Correlation RMSE (ms™ 1)
CaRD10 NARR CaRD10 NARR CaRD10 NARR CaRD10 NARR
BFL 0.43 0.29 2.33 2.92 0.53 0.05 1.59 2.19
BIH 0.49 0.12 3.45 4.64 0.43 0.38 4.00 4.47
CQT 0.44 0.37 2.29 0.98 0.28 0.12 0.96 0.76
FAT 0.59 0.44 2.94 3.35 0.41 0.40 1.72 1.99
LAX 0.54 0.44 2.81 2.88 0.41 0.44 1.62 1.78
LGB 0.58 0.40 2.63 2.81 0.38 0.54 2.35 2.14
RDD 0.57 0.20 4.18 7.43 0.52 0.45 1.52 212
SAC 0.64 0.30 352 4.81 0.56 0.55 2.34 2.68
SAN 0.41 0.43 2.94 2.83 0.47 0.54 2.68 2.60
SCK 0.60 0.53 3.73 5.00 0.55 0.45 2.39 2.59
SFO 0.78 0.60 4.12 4.60 0.56 0.60 4.53 4.29
SMX 0.63 0.55 4.01 4.80 0.48 0.39 1.74 2.06
All-station average 0.56 0.39 324 3.92 0.46 0.41 229 247

than CaRD10 in August, but the January performance
is similar in both. The most notable difference between
the two analyses is found in the bias. The CaRD10 bias
is smaller than NARR at most stations. For the bias
comparison, temperature is corrected for elevation with
a lapse rate of 6.5 K km ™!, so the elevation difference
explains only a small part of the bias. CaRD10’s surface
topography and finer-resolution land surface character-
istics must have kept its bias small. In January the same
four stations have a negative bias in CaRD10 and
NARR, suggesting a common systematic error in both
analyses for this month. In August both analyses have
2-3 times larger bias on all station averages than in

January, but the same stations do not necessarily result
in a bias of the same direction.

4. Synoptic events

a. Catalina eddy

When northerly winds cross the Transverse Ranges
and descend over Santa Catalina Island, rapid warming
of the air mass forms a low pressure center. This warm
low pressure offshore of Santa Barbara and Los Ange-
les, south of Point Conception, draws marine air along
the coast from the south and creates the eddy around
the low pressure (Wakimoto 1987; Mass and Albright

TABLE 3. Correlation, RMSE, and bias of daily mean temperature of 2 analyses and 12 land station observations during 2000. For the
RMSE, the mean value is subtracted at each station. For the bias, temperature is corrected for elevation with a lapse rate of 6.5 K km ™!
and absolute values of bias at each station are used for an all-station average. Correlations that are not statistically significant at the
95% confidence level are in parentheses. When the correlation is different from its counterpart at the 95% confidence level, the better

correlation is indicated in bold.

January August
Correlation RMSE (K) Bias (K) Correlation RMSE (K) Bias (K)

C10 NARR C10 NARR C10 NARR C10 NARR C10 NARR C10 NARR

BFL 0.83 0.78 1.84 2.05 0.53 2.86 0.90 0.89 1.25 1.37 —2.28 4.87
BIH 0.55 0.62 3.33 2.35 0.36 222 0.92 0.92 1.13 0.96 0.18 2.48
CQT 0.73 0.81 1.80 1.58 -0.08 -1.05 0.81 0.68 1.75 1.53 -041 =395
FAT 0.91 0.89 1.37 1.48 0.63 1.64 0.90 0.92 1.23 1.12 -2.33 3.00
LAX 0.74 0.82 1.68 1.50 —0.47 —-0.92 0.59 0.61 2.01 1.01 0.22 —1.62
LGB 0.82 0.66 1.46 1.91 -0.88 —122 0.74 (0.14) 139 1.93 -2.67 =548
RDD 0.64 0.68 1.82 1.68 0.12 0.97 0.90 0.80 1.31 1.73 —1.10 2.67
SAC 0.86 0.73 1.09 1.56 0.56 0.44 0.81 0.82 1.76 1.61 —0.98 3.33
SAN 0.84 0.83 1.50 1.39 0.15 0.27 0.66 0.66 1.34 0.97 —1.04 1.10
SCK 0.83 0.82 1.20 1.38 0.34 0.34 0.86 0.88 1.50 1.30 -1.91 1.43
SFO 0.80 0.68 1.10 1.18 -1.06 —-027 (0.26) (0.54) 222 1.32 -037 —1.09
SMX 0.70 0.72 1.68 1.55 1.11 1.68 (0.14) 0.41 3.81 1.76 4.68 5.11
All-station average  0.77 0.75 1.66 1.63 0.52 1.15 0.71 0.69 1.73 1.38 1.51 3.01
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F1G. 2. A Catalina eddy event in NARR at 1500 UTC 22 May
1984. Shades and arrows indicate winds (ms~') at 10 m above
surface. The CaRD10 plot of the same event is presented as Fig.
5 of Part I.

1989). CaRD10 is able to produce well-defined eddies
with strong winds and small-scale structures (Fig. 5 of
Part I). On the contrary, NARR produces a weak eddy
without much small-scale structure (Fig. 2). The hori-
zontal resolution is apparently important for the repro-
duction of mesoscale eddies, although the detailed veri-
fication requires observation.

b. Coastally trapped wind reversal

When northerly winds along the coastline change di-
rection and head north, this is called coastally trapped
wind reversals (CTWRs). CTWRs typically occur along
mountainous coastlines where cold upwelling results in
a marine boundary layer capped by a strong inversion
(Nuss et al. 2000, hereafter N2000). Figure 3 shows the
evolution of a CTWR event from 1800 UTC 21 July to
1800 UTC 22 July 1996 from CaRD10 and NARR. This
is a highly forced situation of a CTWR, chosen from
N2000, for which the authors objectively analyzed and
predicted streamlines of surface winds from the
Coupled Ocean—-Atmosphere Mesoscale Prediction
System (COAMPS; their Fig. 14). Both CaRD10 and
NARR show similar streamlines at 1800 UTC 21 July in
agreement with N2000. At 0000 UTC 22 July, although
not as large as in N2000, the two analyses show a de-
veloped wind disturbance. By 1800 UTC 22 July,
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CTWR is well established both in CaRD10 and NARR.
NARR’s center is located farther south than N2000 and
CaRD10, but the wind reversal is very well defined.
NARR'’s 32 km seems to be sufficient for resolving a
CTWR of this scale and forcing. CaRD10’s streamlines
show a more complex structure than N2000 and
NARR, although it is not possible to say such a struc-
ture is real without observations.

c. Santa Ana winds

When a slow moving high pressure system intensifies
over the northern Midwest during winter, southern
California often experiences strong, dry, warm north-
easterly winds blowing from the desert region in east-
ern California/western Nevada toward the Pacific coast.
This is one of the extreme events that define the
“weather” in California. Figure 4 shows an example of
a very strong Santa Ana event at 0000 UTC 26 October
2003, when many parts of southern California experi-
enced wildfires (Cedar fire; Keely et al. 2004). From
each analysis the 2-m temperature anomalies at 0000
UTC October 2003 monthly mean and full-field 10-m
winds are plotted. NARR shows only a modest positive
temperature anomaly (up to 4°C) along the coastal ar-
eas of southern California as opposed to 10° or more in
CaRD10, which is more realistic and fits better to ob-
servations. Both analyses show a similar northeasterly
flow over land, but the winds in CaRD10 are stronger.
The two analyses differ in the wind pattern offshore of
Los Angeles and San Diego. CaRD10 shows a complex
wind response with northeasterly winds extending more
into the coastal ocean area while NARR shows only
consistent northwesterly winds over the same area.

5. Monthly mean comparisons

In the next four sections we will compare CaRD10
and NARR without referring to the station observa-
tions. Since surface observation density is limited even
over land, it is not possible to verify the small differ-
ences between CaRD10 and NARR. The differences
found in these comparisons can be interpreted as un-
certainties in regional analyses due to differences in the
analysis systems.

a. Near-surface temperature

Figure 5 shows the difference in monthly mean tem-
perature for the period from 1979 to 2002 at 2 m above
ground between CaRD10 and NARR, after adjusting
for the elevation difference with a lapse rate of 6.5 K
km~'. In January the NARR temperature is generally
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warmer than CaRD10 over most of the domain, mainly
due to the smoother topography used in NARR, even
after the elevation correction. CaRD10 is warmer than
NARR over the mountains where the two analyses
have different surface heights. Over the ocean in July
CaRD10 is warmer than NARR, due to the use of dif-
ferent SST sources [monthly mean Hadley Centre
Global Sea Ice Coverage and Sea Surface Temperature
(HadISST) prior to 1981, weekly NCEP two-dimen-
sional variational data assimilation (2DVAR) SST after
1982 for CaRD10 (Fiorino 2004), reconstructed SST
(Smith and Reynolds 2003) prior to 1981, and Reynolds
SST after 1982 for NARR (Reynolds et al. 2002)]. The
land temperature in CaRD10 is colder than NARR and
the geographical pattern is similar to that of January.
The temperature difference is generally larger in July
than in January. Several areas along the coastline show
that CaRD10 is colder in January and warmer in July,
and the differences are consistent with ocean tempera-
ture differences in these respective months. These
coastal locations seem to be significantly influenced by
offshore sea surface temperature, and the accuracy of
the SST seems to be important for better land surface
temperature analysis. CaRD10 shows more low cloud
cover than NARR in July, when marine stratus is
known to affect the coastal climate of California. How-
ever, near-surface temperatures at stations in the
coastal area (CQT, LAX, LGB, SAN, SFO, and SMX
in Table 3) do not indicate which regional analysis
tends to fit better to observations, so the effect of ma-
rine stratus in coastal climate analysis is not clear.

b. Surface winds

Figure 6 compares monthly mean winds over land at
10 m above ground between CaRD10 and NARR. For
CaRD10, only one in three grid cells is plotted to match
the NARR resolution. In January NARR produces
little variation in speed and direction over most of the
domain except in the north. In contrast, CaRD10 shows
a detailed spatial pattern of winds that follow the com-
plex terrain of California. The southwesterly in the
Central Valley that accelerates over the Sierra Nevada
is particularly clear in CaRD10. In the southern Cali-
fornia coast, CaRD10 shows strong offshore winds that
are absent in NARR. Our preliminary study showed
that this wind is closely related to the occurrence of
Santa Ana events (see also section 4c), which are strong
enough to appear in monthly averaged climatology.

In July, the wind pattern is similar between the two
analyses, but differences are again seen in the small-
scale features. In NARR, winds flow through the San
Francisco Bay into the valley and branch to the north
and south. The south branch continues farther inland
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through the south end of the Sierra Nevada and
changes direction toward the north, forming a trough-
like feature. In CaRD10 similar wind flows are found,
but they are broken into several regimes due to the
more complex topography in CaRD10. These differ-
ences in the July wind pattern will be revisited in the
diurnal variation discussion (section 6b).

One significant shortcoming of CaRD10 is the ab-
sence of a southerly monsoon flow through the Gulf of
California during summer (Mo et al. 2005). The south-
erly flow in the southern half of Nevada is also very
weak in CaRD10. This is because the monsoon area is
close to the southeastern corner of the CaRD10 domain
and the coarse horizontal resolution of NNR does not
resolve the small-scale monsoonal southerly jet along
the Sierra Madre Occidental.

c¢. Precipitation and surface hydrology

CaRD10 has a positive precipitation bias as discussed
in Part I, which is apparent in comparison with NARR
in January climatology (1979-2002; Fig. 7). NARR as-
similates precipitation observations, so its precipitation
amount and spatial distribution is close to observations.
Area-mean January precipitation is 2.82 mm day ' in
CaRD10 and 1.96 mm day ' in NARR. CaRD10 pro-
duces twice as much precipitation as NARR in some
heavy precipitation areas. Despite the positive bias, the
spatial pattern of precipitation is similar in NARR and
CaRD10. Note that CaRD10 shows much finer-scale
precipitation patterns over the Sierra Nevada.

A couple of other variables related to surface hydrol-
ogy were compared between CaRD10 and NARR. Soil
moisture (not shown) is a quantity that is strongly
dependent on land model and precipitation forcing.
The different land models used in CaRD10 and NARR
[Oregon State University (OSU) scheme and Noah
scheme, respectively] and the use of model precipita-
tion in CaRD10 and observed precipitation in NARR
resulted in very different soil moisture distributions.
NARR does not show small-scale detail in soil moisture
due to its coarser resolution, and also possibly to the
coarser resolution of the observed precipitation (1/8° of
original data) remapped to its model grid. In general,
the broader-scale soil moisture fields in both seasons
are very different in CaRD10 and NARR. Without ob-
servation of soil moisture it is difficult to judge the
quality of soil moisture. The differences in land model
response to different land surface parameterizations
under the same forcing are documented in Henderson-
Sellers et al. (1996).

The pattern of January latent heat flux (not shown)
resembles that of soil moisture. The increased evapo-
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FIG. 6. Comparison of 10-m wind (m s™') between (left) CaRD10 and (right) NARR in (top)
January and (bottom) July.
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FIG. 7. Comparison of monthly mean precipitation rate (mm day ') between (left)
CaRD10 and (right) NARR in January.

ration over the Sierra Nevada can be seen on both
analyses, but it is much stronger in CaRD10. The
evaporation is also much larger along the northern
California and southern Oregon coast. Over the ocean,
CaRD10 produces a particularly large evaporation
south of Point Conception off the shore of Santa Bar-
bara. The July latent heat flux pattern reflects the dis-
tribution of soil moisture in CaRD10, but this is not the
case with NARR. Overall, the latent heat flux patterns
are more similar to each other than the soil moisture
patterns. Since atmosphere-land surface interaction
takes place through evaporation and sensible heat flux,
and not directly through soil moisture, this result is a
little more reassuring from an atmospheric analysis
point of view.

6. Hourly scale comparisons

a. Near-surface temperature

CaRD10 produces outputs hourly but NARR pro-
duces 3-hourly outputs; therefore, 3-hourly output from
CaRD10 is used for comparison. July 2-m temperature
climatology of diurnal variation (for the period from
1979 to 2002) is shown in Fig. 8. CaRD10 produces
colder 2-m temperature than NARR throughout the
day, but the diurnal variations between the two are very
similar in pattern, except for the smaller-scale features
in CaRD10. There are some differences though. For

example, CaRD10 has two maxima in the northern and
southern Central Valley, which are a couple of degrees
warmer than the rest of the valley, while NARR shows
only one maximum in the southern valley (Figs. 8a,b,h).
These small-scale differences over the nearly flat Cen-
tral Valley may be due to the finer resolution of
CaRD10, which resolved the small-scale wind pattern
and consequently determined the small-scale feature in
near-surface temperature.

b. Surface winds

Figure 9a shows the July 10-m wind comparison at
0000 UTC (local afternoon). The two analyses produce
quite similar wind patterns at this time. On the other
hand, at 0600 UTC (local nighttime), the two analyses
differ greatly. The NARR wind flows from the San
Francisco Bay into the valley and heads east at 35° to
36°N, and then north, forming a troughlike pattern
across southern California and Nevada. In the CaRD10
analysis, the inflow from the San Francisco Bay and the
westerlies at 35°-36°N are different flow systems sepa-
rated by the Tehachapi Mountains that bound the
southern end of the Central Valley. A similar separa-
tion of the wind system is observed over northern Cali-
fornia, southern Oregon, and northeastern Nevada,
where CaRD10 shows small-scale systems of wind pat-
terns.

The winds over the Gulf of California are very dif-
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ferent, particularly at 0600 UTC, between CaRD10 and
NARR. This is due to the placement of the lateral
boundary in CaRD10 (section 5b).

7. Trends

a. Near-surface temperature

Although the NARR period of 1979 to present is too
short for a robust trend analysis, many papers have
been published (e.g., Hurrel and Trenberth 1998;
Santer et al. 2000, 2003; Bengtsson et al. 2004; Simmons
et al. 2004; Agudelo and Curry 2004; Chase et al. 2000)
to examine the recent temperature trend since 1979,
when the microwave sounding unit satellite measure-
ments became available. Therefore, it is of great inter-
est to compare CaRD10 and NARR in the last quarter
of a century to understand the climate trend in regional
analyses. The trends presented in this section are com-
puted by the least squares linear regression. Except for
a very large trend signal, most trend is not significantly
different from zero (95% statistical confidence), but the
spatial pattern of trend will be informative for under-
standing the different responses of regional analysis to
changes in large-scale atmospheric analysis over time.
Therefore, particular focus is placed on the geographi-
cal pattern of trends of relative magnitude within the
same analysis and the comparison of such spatial pat-
terns between the two analyses.

Figure 10a shows the comparison of DJF near-
surface temperature trend from 1979 to 2002. Coastal
and low-elevation valley areas do not show a strong
trend. CaRD10 produces a negative trend on the wind-
ward side of the Sierra Nevada and a positive trend on
the lee side and most of Nevada. A positive trend is also
prevalent for inland southern California and northern
Nevada. NARR shows a positive trend only in the east
and the west sides of Lake Tahoe, and it shows a nega-
tive trend over the Sierra Nevada and northern Ne-
vada. The rest of the domain shows little trend. Thus,
the two analyses are very different in the spatial pat-
tern. During JJA, the 2-m temperature trend shows a
negative trend in the southern California coastal areas
in both analyses (Fig. 10b). The trend is also positive in
northern California in both analyses, but a particularly
large positive trend over the northern Central Valley in
NARR is replaced by a near-zero trend in CaRD10.
The eastern half of the domain shows a positive trend in
CaRD10 but only a small positive trend in NARR. In
fact, the difference between the two analyses in each
season is much larger than the difference between two
seasons in each analysis.
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b. 500-hPa height

The trend in 2-m temperature can be partitioned into
the trend in large-scale circulation and in local scale. To
understand the trend in large scale, we examined the
trend in 500-hPa geopotential height. Figure 11 shows
the change in 500-hPa height from 1979 to 2002 from
the trend of the height at each grid point. In DJF, there
is a gradient of height trend from a negative trend in the
northwest corner to a positive trend in the southeast
corner in both analyses. In JJA, the entire domain
shows a positive trend for both CaRD10 and NARR,
but with somewhat different magnitude, and the gradi-
ent has been reversed from DJF but the patterns are
again very similar. Thus for both seasons, CaRD10 and
NARR show very similar patterns in the 500-hPa height
trend indicating that the trends in the large-scale analy-
sis between the two are similar.

An interesting finding is that the northwest—
southeast gradient found in the 500-hPa height trend is
not seen in the near-surface temperature trend, thus the
trend in large scale (such as the global effect of green
house gases) does not seem to be directly correlated to
the trend in near-surface temperature. Therefore, the
large difference in near-surface trend between the two
analyses is due to differences in near-surface processes,
most likely to land surface conditions and to radiation
fluxes reaching the surface.

c. Precipitation

Although 2-m temperature trends show different
spatial patterns, the precipitation trend is consistent be-
tween the two analyses (Fig. 10c). DJF precipitation
increases in the northwest where large precipitation is
produced in both CaRD10 and NARR. Another com-
mon pattern found in both analyses is a precipitation
decrease on the lee side of the Sierra Nevada. The rest
of the domain with only moderate amounts of precipi-
tation shows little trend. Considering that the CaRD10
precipitation is model produced, it is quite reassuring to
find that the low-frequency variability of precipitation
is well reproduced. This agreement between the two
analyses also suggests that the precipitation trend is
determined mainly by the trend in large scale and less
by the trend in near-surface fields.

8. Water budgets

To demonstrate the uncertainties associated with re-
gional analyses in a quantitative way, we present an
example of a water budget study for a major storm
event in California selected from strong atmospheric
river events (Ralph et al. 2004). Plots are made for the
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mean of the 3-day event (7-9 November 2002). We
separated the water budgets into three areas by the
amount of precipitation (Fig. 12a). Area A is the
middle of the domain where most precipitation occurs
(35°-41°N, 118°-122°W) and CaRD10 produces more
precipitation (30.4 mm day ') than NARR (24.0 mm
day ™). Area B is in the northwest corner of the domain
where moderate precipitation is found (41°-45°N,
122°-126°W) and CaRD10 has less precipitation (16.4
mm day ') than NARR (21.7 mm day '). Area C is to
the west of domain A (35°-41°N, 122°~126°W) and the
precipitation amount is not very different in the two
analyses (14.1 mm day ' for CaRDI10 and 12.4 mm
day™! for NARR). Table 4 summarizes the area-
averaged quantities of hydrological variables. We ob-
serve that over area A, where the precipitation is over-
estimated by CaRD10, the moisture convergence is
much larger than in NARR (Fig. 12b). In other areas

with moderate precipitation, the CaRD10 moisture
convergence is about the same as that of the NARR,
suggesting that the moisture convergence is the reason
for the overestimation of precipitation in CaRD10, al-
though we cannot determine whether this is the result
or the cause. Another feature of CaRD10 that favors
moisture convergence in area A is the wind pattern
(Fig. 12e). A 10-m wind comparison suggests that
CaRD10 produces a consistent wind pattern (south-
westerly) from the valley that is perpendicular to the
mountain ranges. Less southerly wind is found in
CaRD10 than NARR that escapes without producing
orographic precipitation. The extra moisture that en-
ters area A is brought into the domain by a large mois-
ture flux in the southwest corner of the domain (Fig.
12¢). Slightly larger precipitable water over the ocean
accounts for the larger moisture flux in CaRD10 than in
NARR (Fig. 12d). However, the domain-average pre-
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cipitable water is about the same in the two analyses.
The spatial pattern and gradient of precipitable water
and the direction of winds make a difference in the
water budgets for the storm event between the two
analyses.

One curious finding is that the NARR moisture con-
vergence is less than precipitation for areas A and B,
and even the addition of the evaporation cannot fill in
the difference (Table 4). In these areas, the systems
require a large artificial moisture source or a decrease
in local precipitable water to explain the precipitation,
which seems somewhat unrealistic. Whether this is the
result of using observed precipitation to force model-
dependent variables is an interesting question to be
studied.

Table 4 shows the residual term calculated from pre-
cipitation, evaporation, moisture convergence, and
changes in precipitable water. CaRD10 and NARR
show residuals of similar size, suggesting that the two
analyses have similar hydrological budget study uncer-
tainties.

9. Summary and conclusions

This paper is the second part of a two-part paper and
it compares the dynamically downscaled reanalysis
(CaRD10) with North American Regional Reanalysis.
There are several fundamental differences in the basic
system design between CaRD10 and NARR. The
CaRD10 forces the high-resolution regional model with
coarse-resolution global reanalysis without injecting
any observations, but uses the scale-selective bias cor-
rection to maintain the large-scale part of the reanaly-
sis. It ran with 10-km-resolution, hourly output from
1948 to the present. NARR is based on state-of-the-art
3D variational analysis, using surface and high-density
satellite raw radiance observations. NARR also assimi-
lates observed precipitation. The NARR analysis sys-
tem ran with 32-km-resolution, 3-hourly output from
1979 to the present. The numerics and the physical pro-
cesses included in the two models are also different.
This paper compared the two analyses, documented the
efficacy of regional downscaling and the importance of
horizontal resolution, and estimated the uncertainties
in the high-resolution regional analyses.

CaRD10 is forced by NNR, while NARR uses a dif-
ferent analysis system including new and additional
datasets. However, the difference in the large-scale
analysis (the scale greater than 1000 km) examined
from 500-hPa height and 200-hPa wind confirms that
the large-scale analyses between CaRD10 and NARR
are very similar.

The comparison of the fit of the daily wind analyses
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to near-surface observation showed that over ocean,
CaRD10 fits better than NARR where the daily vari-
ability is large, while over land, CaRD10 generally fits
better than NARR. Daily near-surface temperature
correlation with observation shows a similar skill in
CaRD10 and NARR. CaRD10 shows a much smaller
bias compared to NARR, but NARR produces smaller
RMSE than CaRD10.

Several synoptic examples are presented to highlight
how different topography and spatial resolution affect
the local climate. The Catalina eddy is seen very well in
CaRD10 with many mesoscale features, when NARR
shows weak winds. Coastally trapped wind reversal is
well simulated both in CaRD10 and NARR, but
CaRD10 shows more complex structure of wind distur-
bance. Santa Ana winds are produced well in both
CaRD10 and NARR, but temperature anomaly is
much greater in CaRD10 than NARR.

From the fit of the analysis to near-surface observa-
tion and examination of a few cases of regional meso-
scale events, the horizontal resolution of the model
seems to have a large impact, and the data assimilation
in NARR does not seem to use the near-surface obser-
vation as effectively as desired.

A comparison of the monthly climatology between
the two analyses showed that the CaRD10 near-surface
temperature and winds are very similar to NARR with
more regional detail, especially in winter. During the
summer, CaRD10 winds associated with the Southwest-
ern monsoon and the Gulf of California low-level jet
are poor due to the placement of the lateral boundary.
CaRD10 has a positive bias in precipitation compared
to NARR, which uses observations, but the spatial pat-
terns of the two are similar and CaRD10 shows small-
scale details, especially over the mountains. The spatial
pattern of latent heat flux reflects that of soil moisture,
but the two analyses show better agreement for latent
heat flux than for soil moisture.

The diurnal cycle of near-surface temperature is simi-
lar in CaRD10 and NARR but CaRDI10 is generally
colder. CaRD10 shows spatially detailed patterns of
temperature diurnal variation in the Central Valley and
the Sierra Nevada. The two surface winds analyses gen-
erally agree with each other but more differences are
apparent during nighttime, when winds are generally
weak. The winds from the San Francisco Bay through
the Central Valley and from south of the Sierra Nevada
into the higher Nevada plains show dissimilarities due
to differences in resolving small-scale topography.

The near-surface temperature trends from 1979 to
2002 do not produce consistent spatial patterns be-
tween the two analyses. Some common features are a
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F1G. 12. Comparison of a storm event on 7-9 Nov 2002. (left) CaRD10 and (right) NARR.
(a) Precipitation (mm day '), (b) moisture convergence (mm day '), (c) vertically integrated
moisture flux (kg m™' s™"), (d) precipitable water (kg m~?), and (¢) 10-m wind (ms™').
Superimposed are areas A to C for the water budget study.
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F1G. 12. (Continued)

small negative trend in the southern California coastal
region and a positive trend in northern California dur-
ing summer. In fact, summer and winter trends in each
analysis are more similar than trends in the same season
between the two analyses. The large-scale field trend as
represented by 500-hPa geopotential height shows a
similar northwest—southeast gradient in CaRD10 and
NARR in both seasons. Such a spatial pattern is little-
seen in near-surface temperature trend. The surface cli-
mate trend seems to be more influenced by regional
topography, model physics, and land surface schemes.
However, the winter precipitation trend is similar in the
two analyses. There is a positive trend in the area with
large precipitation and a decreasing trend on the lee
side of the Sierra Nevada. The rest of the domain shows

little trend. This suggests that the precipitation trend is
more influenced by the trend in large-scale circulation.

In a major 3-day storm event, CaRD10 produces
more precipitation than NARR in the area mean. Most
precipitation positive bias comes from the mountain
areas where heavy precipitation is observed. The path
of precipitable water into southern California is nar-
rower and carries more water vapor in CaRD10 than
NARR, although the area mean precipitable water is
the same. Larger moisture flux due to the precipitable
water spatial distribution brings extra moisture over
land toward the mountains. The wind direction in
CaRD10 is southwesterly and perpendicular to the
mountain ranges that favor precipitation. As a result,
CaRD10 produces more precipitation than NARR.
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TABLE 4. Area-mean water budget on 7-9 Nov 2002. CONV is
vertically integrated moisture convergence (mm day '), P is pre-
cipitation rate (mm day '), E is evapotranspiration (mm day™!),
APWAT is precipitable water change from the first day to the
third day (mm day '), and Res is residual calculated as P — E —
CONV+APWAT (mm day '). Domains are Whole [entire do-
main in Fig. 16 (31°-45°N, 114°-126°W)]; area A (heavy precipi-
tation area in the middle of the domain; 35°-41°N, 118°-122°W);
area B (northwest corner; 41°-45°N, 122°~126°W), and area C (to
the west of area A; 35°—41°N, 122°-126°W).

Analy- AP-

Domain ses CONV P E WAT Res
Whole CaRD10 134 11.1 0.9 1.6 -1.7
NARR 9.0 9.7 0.5 1.2 1.4

A CaRDI10 327 30.4 1.5 2.1 -1.8
NARR 18.2 24.0 0.6 2.1 7.2

B CaRDI10 172 16.4 2.3 -3.1 —6.1
NARR 13.8 21.7 1.5 2.4 4.0

C CaRDI10 13.0 14.1 0.3 -3.2 —-2.4
NARR 11.2 12.4 0.3 —2.6 -1.6

The moisture budget calculation showed that both
analyses suffer from a budget residual that cannot be
ignored. In this regard, both analyses have a similar
uncertainty for water budget study.

Overall, CaRD10 shows a fairly good agreement with
NARR. On many occasions, CaRD10 benefits from
higher spatial resolution and finescale topography.
CaRD10’s higher temporal output frequency also aids
more detailed diagnostics. The lack of assimilated ob-
servation is outweighed by finer spatial resolution in
many cases. In NARR, the current data assimilation
system is not able to properly assimilate surface obser-
vations. The use of balance equation without the con-
sideration of friction as a constraint in the system and
the use of homogeneous guess and observation error
are some of the known problems that affect the effi-
cient use of the near-surface observations (D. Parrish
2006, personal communication).

Dynamical downscaling forced by a global analysis is
a computationally economical approach to regional-
scale long-term climate analysis and can provide a high-
quality climate analysis comparable to data assimilated
regional reanalysis.

However, the uncertainties of analysis can be very
large, depending on the fields of interest and the diag-
nostic calculations (such as trend and water budget
studies). Users of the regional analyses should be aware
of these uncertainties when utilizing them for their own
research.
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