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This study performs regional climate simulations for Arizona, a region with complicated terrain. The dependence of simulated
rainfall on model resolution is explore by climate downscaling experiments using the Weather Research and Forecasting model.
The model’s horizontal resolution was refined from 12 to 6, then to 3 km. The total rainfall for winter and for different subdomains
of Arizona is found to increase substantially with the refinement from 12 to 6 km grid. A further refinement to 3 km leads to a
smaller change in rainfall, indicating numerical convergence at that scale. Comparisons with observations revealed that the 6
and 3 km runs produced excessive rainfall for winter while the 12 km simulations are closer to observation. This implies that the
parameterization schemes for rainfall are not resolution independent, thus a refinement of resolution does not guarantee better
results. It cautions against hastily pushing for increasingly higher resolution in practical downscaling simulations. An analysis of
the simulated hourly rainfall shows that the 3 km runs produce significantly more extreme rainfall events than the 12 km runs. The
6 and 3 km runs also produced more complicated spatial patterns of seasonal rainfall and vertical velocity, reflecting the influence
of fine-scale topography.

1. Introduction

Global climate models used for seasonal and long-term
prediction have typically a coarse resolution of O(100 km).
At that resolution, most of the rainfall is produced by
subgrid-scale convective parameterization with a very crude
representation of surface heterogeneity within a grid box.
While those models have produced meaningful projections
of large-scale hydrological conditions in future climate (e.g.,
[1, 2]), they do not have the capacity to predict local climate
changes at the mesoscale especially for regions characterized
by complicated terrain. A complementary approach of
climate downscaling has been developed that uses large-
scale boundary conditions to constrain a mesoscale model
for long-term, regional climate prediction (e.g., [3–5]). The
increased model resolution allows an increase in the fraction
of grid-scale precipitation and reduction of parameterized
subgrid precipitation. This, combined with a refined rep-
resentation of topography and surface heterogeneity, might
help improve the realism of simulated precipitation (e.g.,

[4, 6–9]). State-of-the-art climate downscaling studies for
seasonal and longer time scales have so far adopted a
horizontal resolution within the range of 12–50 km (e.g., [9–
15]). On the other hand, previous studies that adopted a
higher resolution (e.g., 3 km) to determine the sensitivity of
rainfall on model resolution and convective parameteriza-
tion are mostly restricted to short-term weather prediction
(e.g., [16, 17]). To bridge this gap of knowledge, this study
will explore the changes in rainfall in seasonal climate
downscaling simulations when the horizontal resolution of
the regional model is refined from 12 km to 3 km. As will
be demonstrated shortly, grid-scale precipitation becomes
the dominant contributor to the total rainfall at these scales.
Given so, we will also test the sensitivity of simulated rainfall
to the switching on and off of cumulus parameterization. The
main purpose of our key simulations is twofold. First, we
will determine how and whether the seasonal mean rainfall
converges numerically when the resolution of the model is
successively refined to the nearly cloud-resolving scale of
3 km. Second, if a numerical converge does occur, we should
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Figure 1: The model domains and arrangement of nesting for the numerical experiments: (a) nested domains for WRF model and
(b) an illustration that the innermost domain covers the State of Arizona. The arrows indicate the prevailing directions of moisture
fluxes into Arizona in wintertime [18]. The topographic map is taken from Arizona Geographic Alliance, Arizona State University
(http://geoalliance.asu.edu/azga/).

examine whether the solution converges to the observed
seasonal mean climatology.

We choose to perform the numerical simulations for the
winter season in Arizona, a region with dramatic contrasts in
topography and local rainfall patterns [18–20] that provide
an ideal test ground for the impact of model resolution.
We choose winter because numerical models, whether global
or regional, are widely known to produce substantial biases
in North American summer monsoon (e.g., [21, 22]),

while their performance for wintertime precipitation is
generally more robust. While the summertime bias is itself
an important issue, it might prove to be a distraction in the
context of our sensitivity study. Regional climate simulations
using the Weather Research and Forecast (WRF) model [23]
will be performed over seven winter (November–January)
seasons. The dependence of the climatology as well as high-
frequency behavior of simulated rainfall on model resolution
and/or subgrid-scale convective scheme will be analyzed.
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Figure 2: The cumulative rainfall for winter season (November 1–January 31), averaged over 7 winters from 2003 to 2009, from different sets
of runs. (a) Rainfall produced by subgrid-scale cumulus parameterization (RAINC) from the 12 km runs. (b) Rainfall produced by grid-scale
convection (RAINNC) from the 12 km runs. (c) RAINC from the 6 km runs with cumulus parameterization turned on (d) RAINNC from
the 6 km runs with cumulus parameterization turned on. Boxes (i) and (ii) in (a) are the areas chosen for the further analysis of the time-
series of rainfall in Figures 5–7. Box (i) is defined as 111.78◦W–113.61◦W and 31.90◦N–33.69◦N and box (ii) is defined as 109.35–112.02◦W
and 33.25◦N–35.18◦N. The plot shows the whole innermost domain, including the sponge layer for nesting.

To maintain focus, the analysis will focus on liquid-form
precipitation, leaving the complexity of snowfall to later
work.

2. Model and Numerical Experiments

We will use Weather Research and Forecast (WRF) [23]
Model Version 3.1, a nonhydrostatic mesoscale model that
allows multiple nesting. The model grids are configured
such that the innermost domain covers the State of Arizona
while the outermost domain covers the entire western USA

(see Figure 1). In between, two- or three-layer nesting is
adopted with the large-scale boundary condition imposed
at the lateral boundary of the outermost domain only. We
will not apply interior nudging. The time-varying large-scale
boundary condition is constructed from 6-hourly NCEP
Global Analysis (FNL) data (from the NCAR CISL Data Sup-
port Section archive, http://dss.ucar.edu/datasets/ds083.2/)
on 1 deg × 1 deg grid. Hourly outputs are saved for all runs
to help the analysis of high-frequency behavior and extreme
events of rainfall.

The horizontal grid size for the innermost domain is
varied from 12 km to 6 km, then to 3 km. Hereafter, unless
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Table 1: A summary of the horizontal resolution and arrangement of nesting for four sets of simulations performed in this study. Also
indicated in the table is whether cumulus parameterization is turned on or off.

Nesting

Resolution Cumulus convective
parameterization
(Kain-Frisch scheme)

Outermost
domain

Intermediate
domain

Innermost
domain

2 layer 36 km — 12 km On

3 layer
54 km 18 km 6 km

On

Off

3 layer 48 km 12 km 3 km Off

(a) (b)

25 75 150 250 350 450 550
(mm)

(c)

25 75 150 250 350 450 550
(mm)

(d)

Figure 3: Same as Figure 2 but for different runs or combinations of variables for rainfall. (a) Total rainfall (RAINC+RAINNC) from the
12 km runs. (b) Total rainfall (RAINC+RAINNC) from the 6 km runs with cumulus parameterization turned on. (c) Total rainfall (all
produced by grid-scale convection, RAINNC) from the 6 km runs with cumulus parameterization turned off. (d) Total rainfall (RAINNC)
from the 3 km runs.
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Figure 4: The cumulative observed rainfall for winter season
(November 1–January 31), averaged over 7 winters from 2003 to
2009, using the PRISM monthly data.

otherwise noted, the model resolution in our discussion refers
to the grid size of the innermost domain. The 12 km runs
are carried out with two layers of nesting, using 36 km
resolution for the outer domain. The 6 km and 3 km runs
adopt a 3-layer nesting using (54 km, 18 km) and (48 km,
12 km) as the resolutions for the outermost and intermediate
domains, respectively. Detail of the nesting is shown in Figure
1. At 12 km resolution, subgrid-scale cumulus convective
scheme is turned on. As the parameterized convective
rainfall diminishes with an increasing resolution, at 6 km
resolution we perform a pair of experiments, one with
convective scheme turned on and another with it turned
off. (This is for the innermost domain only. Cumulus
parameterization is always turned on for the intermediate
and outermost domains.) Convective scheme is turned off
at 3 km resolution. Whenever convective parameterization
is retained, we choose Kain-Frisch scheme [24]. Table 1
summarizes the horizontal resolution and arrangement of
nesting for our major experiments. For the two cases in Table
1 that eliminate cumulus convective parameterization, all
rainfall is produced by grid-scale processes.

To ensure proper resolution of topography and surface
characteristics that matches the increase in model resolution,
we use USGS 24 classification categories of land-use data
for interpolating topography and land surface characteristics
(from standard geogrid package in WRF) at different spatial
resolutions for different levels of nesting: we do not smooth
the topography but use 10′, 5′, and 2′ geogrid resolution for
the outermost, intermediate, and innermost model domains,
respectively. (The model automatically interpolates these
topographic data to the model grids.) Since 2′ is comparable
with the highest model resolution (3 km grid) used in this
study, this means that the successive refinement of the
model resolution does lead to finer representation of the

topography. The model has 28 levels in the vertical with the
model top set at 50 hPa. For other physical parameterization
schemes, we selected (from WRF’s available options) single-
moment (WSM) 3-class simple ice scheme for microphysics,
Dudhia scheme for shortwave and rapid radiative transfer
model (RRTM) scheme for longwave radiation, and Monin-
Obukhov similarity scheme for surface-layer process. The
Yonsei University (YSU) scheme is used for boundary layer
mixing and thermal diffusion is chosen for land surface
process.

Each of the 4 cases in Table 1 consists of seven 92-
day continuous runs for the 7 winter seasons (November–
January) from 2003 to 2009. (Winter 2009 refers to Novem-
ber 2009–January 2010.) Sea surface temperature is updated
daily and is provided from FNL data. As explained in
Section 1, winter is chosen because the model generally
simulates the climatology of the cold season more accurately
than the warm season. Note that for water resource applica-
tions, wintertime rainfall is particularly important over the
semiarid part of Arizona, where rainfall in summer is quickly
recycled back to the atmosphere due to intense evaporation
(e.g., [25]).

To compare the WRF simulations of winter seasonal
rainfall with observation, we will use the Parameter-elevation
Regressions on Independent Slopes Model, data archive
available at http://www.prism.oregonstate.edu/ (PRISM)
monthly mean precipitation dataset. It is consolidated from
station measurements with spatiotemporal interpolations
[26, 27] and is the official climatological rainfall data of
USDA.

3. Results

3.1. Seasonal Cumulative Rainfall. We first analyze the
simulated rainfall based on two variables, RAINC and
RAINNC, from the WRF model output. The former is the
rainfall produced by cumulus parameterization and the latter
is the rainfall produced by grid-scale processes, including
mechanical lifting and adjustment of thermodynamic profile
at grid scale. Figures 2(a) and 2(b) show the seven-winter
mean of November–January cumulative rainfall produced
by parameterized subgrid-scale convection and grid-scale
processes, respectively, from the 12 km run. At this resolu-
tion, grid-scale rainfall is already the dominant contributor
to the total rainfall, in comparison to coarse resolution
global climate models for which the precipitation generated
by subgrid-scale convective scheme is comparable to grid-
scale precipitation. The maximum of rainfall over central
Arizona (along the Mogollon Mountains) in both panels
reflects topographic influence. A maximum of rainfall just
south of US Mexican border (at the bottom edge of the
plot) in Figure 2(a) is due to the fact that that particular
spot is over the water (Gulf of California). Note that in
this study we do not analyze snowfall, which is other-
wise substantial over areas with high altitude in northern
Arizona.

Figures 2(c) and 2(d) are similar to Figures 2(a) and
2(b) but for the simulations with 6 km resolution that
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Figure 5: A year-by-year comparison of the simulated winter seasonal-mean rainfall with observation using the PRISM dataset. The 7
winters are arranged from top to bottom. The observation is shown at the leftmost column, followed to the right by the simulations with
3 km, 6 km, and 12 km resolution. For brevity, for the 6 km runs only the case with cumulus convective scheme turned off is shown. The
results for the case with convective scheme turned on are similar in pattern and magnitude.
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Figure 6: Comparisons of the simulated winter seasonal mean
rainfall with observation. Shown are the averages over (a) the entire
innermost model domain that covers the State of Arizona, (b) box
(i), and (c) box (ii) (as marked in Figure 2(a)). The observation
from PRISM data is in dark blue. The cases for the simulations are
labeled in the legends. See text for detail.

retained cumulus convective parameterization. The refine-
ment of resolution from 12 to 6 km leads to a further
decrease of the relative contribution of the subgrid-scale
convective rainfall as expected. Interestingly, the total rainfall
(RAINC+RAINNC) increases with resolution, as further
shown in Figures 3(a) (total rainfall at 12 km resolution) and
3(b) (6 km resolution). This increase occurs not only over
the central mountain range of Arizona but also over southern
Arizona where the mountains are shorter and more scattered,
and with smaller scales (therefore the increased resolution
leads to an enhanced effects of those mountains on rainfall).

Given the diminished contribution of parameterized
subgrid-scale convection to the total rainfall at 6 km resolu-
tion, we next experiment with an identical set of runs but
with cumulus convective scheme turned off. The total winter
seasonal rainfall (that comes entirely from RAINNC) for this

run is shown in Figure 3(c). It is found that eliminating
the convective parameterization only very slightly affects
the total rainfall. (The case with RAIN C = 0 produced
even a slightly greater amount of total rainfall.) Without
cumulus parameterization, grid-scale rainfall (RAINNC)
was enhanced to compensate for the absence of subgrid-scale
convection. This behavior is qualitatively understandable
since, given the large-scale moisture convergence, a certain
amount of rainfall is anticipated in order to restore static
stability and maintain water balance. Without cumulus
parameterization, grid-scale processes do all the work to
produce this amount of rainfall.

With the insight from the two sets of 6 km runs, we then
executed the 3 km runs without cumulus parameterization.
Figure 3(d) shows the total winter rainfall from this set of
runs. The increase of horizontal resolution from 6 to 3 km
leads to a relatively smaller change in the total rainfall for
Arizona, compared to the change from 12 to 6 km (this
will be quantified in the discussion related to Figure 5).
The 3 km run does produce a few spots of intense rainfall
over the mountain range in central Arizona that are not as
pronounced in the 6 km runs. In addition, at 3 km resolution
one begins to see northwest-southeast-oriented streaks in
the rainfall pattern, which likely reflect the effects of the
fine-scale topography in that region. The substantial increase
in regional rainfall from 12 to 6 km cases underscores
the sensitivity of seasonal rainfall simulation to model
resolution. From 6 to 3 km the simulated rainfall begins
to convergence (as will be more clearly demonstrated in
Figure 5). We should next examine whether they converge to
the observed climatology.

3.2. Comparison of Simulated Rainfall with Observations.
Figure 4 shows the seven-year average of the winter
(November–January) cumulative rainfall from observation
that can be used to compare to the model simulations in
Figures 2-3. Figure 5 further compares the simulated year-
to-year winter seasonal rainfall at different model resolutions
with the corresponding observations. The observations are
based on the PRISM dataset [26, 27] of monthly mean
rainfall. They are shown in Figure 5 in the leftmost column.
The other 3 columns show the simulations with 12, 6,
and 3 km resolutions. (For brevity, for the 6 km runs we
only show the case with cumulus convective scheme turned
off.) This comparison reveals several interesting behaviors
of the simulated rainfall. First, the model simulations (at
all resolutions) did qualitatively capture the interannual
variability of rainfall over Arizona. For example, the model
produced a very wet winter for 2004 and a dry winter for
2005 as observed. This is further illustrated in Figure 6, the
comparison of the year-to-year domain averaged rainfall
with observation (PRISM data) for (a) the entire Arizona,
(b) box (i), and (c) box (ii) (the two boxes are marked in
Figure 2(a)). In Figure 6(a), we have also added the rainfall
from coarser resolution runs with 54, 36, and 18 km grids,
taken from the outermost or intermediate domains for the
major simulations. They are not included in the plots for
box (i) and box (ii) because with the coarse resolution the
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Figure 7: Time-series of hourly rainfall averaged over box (i) in Figure 2(a) for 1 November 2009–31 January 2010 for different sets of runs.
Red and blue curves are the instantaneous and cumulative rainfall, respectively. The top 4 panels correspond, in the same order, to the 4
panels shown in Figure 2 (panel a in Figure 6 corresponds to panel a in Figure 2, etc.). The bottom 4 panels correspond to the 4 panels in
Figure 3 (panel (e) in Figure 6 corresponds to panel (a) in Figure 3, etc.) The scale at left, in mm, is for the cumulative rainfall and scale at
right, in mm/hr, is for the instantaneous rainfall. Abscissa is time in hours since 00Z, 1 November 2009.

number of grid points within each box is relatively small,
rendering the statistics less reliable. Except for the case
with the lowest resolution (54 km), all other simulations
capture a significant portion of the observed interannual
variability of rainfall. The more notable difference among
those runs is actually in the long-term mean, for which
the 36 km case matches well with observation while the
runs with higher resolutions produce excessive rainfall. A
plausible explanation is that 36 km is close to the resolution

used by the majority of applications of WRF and likely the
resolution used for model validation during the development
phase of the model. If the model was previously tuned at
around 30 km resolution for its climatology to resemble
observation, there is indeed no guarantee that refining (or
coarsening, as is the case of 54 km run) the resolution
will improve or maintain the simulated climatology. That
Figure 6 shows otherwise is an indication that the physical
parameterization schemes in the model are not resolution
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Figure 8: Time series of hourly rainfall averaged over (a) box (i),
(b) box (ii) in Figure 2(a), and (c) the entire innermost domain
(Arizona). The red line and blue dots are for the 3 km and 12 km
runs, respectively. Each panel contains the time series for all 7
winters stitched together. Abscissa is time in hours.

dependent. As surveyed in Introduction, most of the existing
climate downscaling experiments have used a horizontal
resolution coarser than 12 km. Given our finding, those
appear to be sensible choices. We caution against hastily
pushing for increasingly higher resolutions without carefully
validating the model climatology at those resolutions.

An encouraging aspect of Figure 6 is that it shows the
merit of using WRF to simulate interannual variability of
rainfall (even without interior nudging, as is the case of
our simulations) in the context of climate downscaling.
This conclusion is slightly more optimistic than some recent
studies ([11] and discussions therein) that voiced concerns
that the amplitude of interannual variability is reduced in
climate downscaling especially if the regional model domain
is large and interior nudging is turned off. However, this
study has used a smaller model domain and a higher
horizontal resolution than those adopted by Rockel et al. [11]
and related studies. Thus, the finding here is still consistent
with the view of Rockel et al. that using a smaller domain
helps alleviate the problem of the loss of low-frequency
variability.

3.3. Temporal Characteristics of Rainfall and Extreme Events.
Figure 7 shows the model-simulated hourly rainfall for
one of the winters, November 2009–January 2010, for a
subdomain over southern Arizona marked as box (i) in
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Figure 9: A comparative histogram with a 3 mm bin width for the
rainfall from the 12 km, 6 km with and without parameterization,
and 3 km runs. For the 6 km and 3 km runs, the data have been
coarse grained to 12 km grid to facilitate a fair comparison to the
12 km runs.

Figure 2(a). This box covers a region with relatively flat
topography and modest rainfall. Red and blue are the hourly
rainfall and cumulative rainfall, respectively. The eight panels
in that figure are from the runs with different resolu-
tions and further separated into subgrid-scale (convective
parameterization) and grid-scale rainfall, as detailed in the
caption. What is noteworthy here is not the difference, but
the similarity, among the eight panels. A significant rainfall
event is usually picked up by all runs regardless of their
horizontal resolutions (e.g., compare the last four panels).
The difference is in the magnitude of rainfall. Also, the time
series of the rainfall produced by subgrid-scale convective
parameterization (RAINC) is similar to that produced by
grid-scale processes (RAINNC), only that the latter has a
larger amplitude (e.g., compare Figure (c) with Figure (d)).
Although we only show the detailed time series for one
winter, the characteristics described previously are shared by
the simulations for the other 6 winters.

Figure 8 compares the hourly rainfall from the 12 km
(blue dots) and 3 km (red line) runs for all 7 winter seasons
(November–January) from 2003 to 2009 by stitching the
seven 92-day runs together. Figure 8(a) is for the average over
box (i) and Figure 8(b) for box (ii) as marked in Figure 2(a).
Figure 8(c) is the average over the entire Arizona domain.
Unlike box (i) that covers the relatively flat southern part of
Arizona, box (ii) is over the mountainous region in central
Arizona with more intense rainfall. All three panels show
that whenever there is a major rainfall event, it is usually
picked up by both 12 km and 3 km runs. However, the
rainfall from the 12 km run is systematically less intense
than its counterpart from the 3 km run for the same
event.

One can further quantify the differences among the
12 km, 6 km, and 3 km runs by comparing their histograms
of rainfall using the hourly data for all grid points in
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Figure 10: The averaged vertical profiles of vertical velocity (in cm/s) deduced from (a) 12 km runs, (b) 6 km runs with cumulus
parameterization turned on, and (c) 3 km runs.

the innermost model domain over Arizona. For a fair
comparison, we first merge 16 (4 × 4) grid boxes of the 3 km
runs into a super box with dimension of 12 km × 12 km
(i.e., the same size as one grid box for the 12 km runs) and
calculate the averaged rainfall for each super box. In doing
so, we have about the same number of grid boxes (times
the number of hours) from the 3 km and 12 km runs to
construct the histograms. Similar approach is used to coarse
grain 6 km to 12 km resolution. The comparison for all 4
major cases listed in Table 1 is shown in Figure 9 in a log-
linear plot, using a bin width of 3 mm of rainfall. All 7 winters
of simulations are used. (The left most bar is for the samples
with no rain.) It is interesting to note that extreme rainfall
events with hourly rainfall exceeding 21 mm over a 12 km
× 12 km box are produced only by the 6 km and 3 km runs,
while they are absent in the 12 km runs.

Given our finding here, it will certainly be useful if the
high-frequency behavior of the simulated rainfall can be
further validated with observation. We have not done so
because the existing rainfall observations for Arizona do not
have a spatial and temporal resolution comparable to our
model simulations. (The PRISM data used for the model
validation in Section 3.2 are only monthly mean.) This will
be a very useful comparison to make if such high-resolution
observations become available in the future.

3.4. Vertical Velocity. Since rainfall is closely related to
vertical motion (either by convection or mechanical lifting),
a further analysis of the variance of vertical velocity is
performed to help understand the behavior of rainfall in
our simulations. As a useful comparison of the vertical
velocity field across the four major sets of simulations, we
choose to focus on the standard deviation of vertical velocity
at a mid-tropospheric level where vertical velocity is near
its maximum. To help choosing this level, Figure 10 first
illustrates the averaged vertical profile of vertical velocity
from selected runs (one set each for 12, 6, and 3 km resolu-
tion). In order to meaningfully relate the vertical velocity to
convection or rainfall, in Figure 10 only the vertical profiles
over the grid points with hourly rainfall exceeding 2 mm
are included for the averaging. Given the large variation of
topography over Arizona, we further classified the grid points
into three groups of low (ps > 945 hPa), medium (800 hPa
< ps < 945 hPa), and high surface elevation (ps < 800 hPa,
where Ps is surface pressure), shown in Figure 10 in red,
green, and blue, respectively. Each curve in Figure 10 is based
on the statistics of hourly model output for the 7-winter
runs. From Figure 10, the vertical profile of vertical velocity
associated with rainfall generally has a unimodal structure
with maximum at close to 625 hPa, a level we choose for a
further analysis.
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Figure 11: The standard deviation of vertical velocity at 625 hPa level for (a) the 12 km runs, (b) the 6 km runs with cumulus
parameterization turned on, (c) the 6 km runs with cumulus parameterization turned off, and (d) the 3 km runs. The color scale in cm/s is
shown at bottom.

Figure 11 shows the standard deviation of vertical veloc-
ity at 625 hPa level for the innermost domain, for the 4
major sets of runs with 12, 6, and 3 km resolution. At
12 km resolution, the maximum vertical velocity is mostly
associated with large-scale topographic lifting over northern
Arizona where the highest peaks of mountains in Arizona
are located. Over there, most of the precipitation in winter
is snow such that the maximum vertical velocity does
not correspond to maximum liquid-form rainfall, which is
located in central Arizona. For the two cases with 6 km and
especially the case with 3 km resolution, we begin to see more
fine structures of vertical velocity over the mountainous
central Arizona and a hint of northeast-southwest-oriented

streaks in southern Arizona. Those streaks are consistent
with a similar structure in rainfall (see Figure 3(d)). They
likely reflect the impact of fine topography on rainfall in
this region. They become even more prominent in the 3 km
run. The contrast between 3 km and 12 km runs in Figure 11
is significant. The aforementioned streaks in the 3 km runs
are almost absent in the 12 km runs. The change in the
characteristics of vertical velocity with resolution shown here
is consistent with the changes in the intensity and patterns of
rainfall in Figures 2 and 3. The maps in Figure 11 are based
on the vertical velocity at original model grids, that is, the
standard deviation in Figure 11(a) is on 12 km grid, and that
in Figure 11(d) is on 3 km grid, and so on. However, even
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after coarse-graining the vertical velocity fields of the 6 km
and 3 km runs to the 12 km grid, the qualitative differences
among the 4 runs described previously remain true (not
shown).

4. Conclusions

This study investigated the dependence of simulated rainfall
on the model resolution in a series of climate downscaling
experiments for Arizona for the cold season. It is found that
the winter seasonal mean rainfall for different subdomains
of Arizona increases substantially with the refinement of
horizontal resolution from 12 to 6 km. This conclusion
holds regardless of whether the subgrid-scale cumulus
parameterization is turned on or off in the 6 km run. At
that resolution, twin experiments with convective scheme
turned on and off produced approximately the same amount
of rainfall for Arizona and its subdomains. When cumulus
parameterization is turned off, the rainfall produced by grid-
scale processes increases to compensate for the absence of
the contribution from (parameterized) subgrid-scale con-
vection. A further refinement of the grid size to 3 km leads
to relatively minor changes in the seasonal mean rainfall,
indicating numerical convergence at this scale. However, a
comparison with the observed seasonal mean rainfall from
the PRISM data revealed that the rainfall simulated by
the 6 km and 3 km runs is excessive, while that produced
by the 12 km grid simulations is closer to observation.
A plausible interpretation is that when WRF was first
developed, the benchmark simulations used to fine tune the
model against observation were run at a considerably coarser
resolution than our 3 or 6 km. Then, a greater deviation
from observation can possibly be produced by the runs
with a refined resolution if the parameterization schemes for
rainfall in the model are not resolution independent.

This study also demonstrates the resolution dependence
for the variance of vertical velocity, a variable that is inti-
mately related to the processes (thermal convection and/or
mechanical/topographic lifting) for rainfall production. At
12 km resolution, the maximum of the variance of vertical
velocity is mainly associated with large-scale topographic
lifting over the mountainous northern Arizona. With a
refinement of grid size to 3 km, streaks of high variance of
vertical velocity begin to emerge in southern Arizona where
mountains are shorter and smaller in horizontal scale. An
analysis of the high frequency behavior of rainfall indicates
that the 3 km runs produced significantly more extreme
rainfall events within Arizona that are missing or muted
in the 12 km runs. A verification of the simulated high-
frequency statistics of rainfall with observation is more
difficult due to a lack of long-term measurements with a
sufficiently high resolution in both space and time. We will
leave this important aspect to future work.
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