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List of Figures

Figure 1: a) A schematic of the replay approach used to compute the analysis increments (IAU, or
Ax in our current terminology) from an existing analysis (figure taken from Chang et al. 2019). Here
IAU refers to the incremental analysis update procedure for performing data assimilation developed

by Bloom et al. (1996). See also Takacs et al. (2018) for further information about the numerical

stability of replay. b) A schematic of the evolution of the free running model’s [2—3: = f(x)] climate

drift which saturates to the climate bias at long leads. Replay [g—: = f(x) + Ax ] provides

information on the initial drift (the time mean of the increments or tendency bias).

Figure 2: The seasonal and zonal means of the u-wind analysis increments (shaded, m/s/day), with
the tendency of the u-wind due to turbulence processes (black contours) and the time mean zonal
wind (green contours) superimposed. Dashed contours indicate negative values. The results are
from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016.
The vertical axis is pressure in mb. Black contour levels are ‘-18 -16 -14-12-10-8 -6 -4 -224 6 8
10 12 14 16 18’ and contouring south of 70°S is suppressed due to the noisiness of the fields.

Figure 3: Same as Figure 2, but for the v-wind.

Figure 4a: The seasonal and zonal means of the temperature analysis increments (shaded, °C/day),
with the tendency of the temperature due to moist processes superimposed (contour intervals are “-
45-40-3.5-3.0-25-2.0-1.5-1.0-5.51.01.52.02.53.03.54.0 4.5”, negative values have
dashed contours). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2

averaged over the time period 1981-2016. The vertical axis is pressure in mb.

Figure 4b: The zonal mean of the long-term seasonal means of the temperature tendency due to
moist processes from MERRA-2 (contoured, negative values have dashed contours), and the

difference between Base 9 and replay (shaded). Units are (°C/day).

Figure 5: The seasonal and zonal means of the specific humidity analysis increments (shaded,
g/kg/day), with the tendency of the specific humidity due to moist processes superimposed (contour

interval is 0.5 g/kg/day, negative values have dashed contours). The results are from the GEOS S2S



V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. The vertical axis is

pressure in mb. Note that the outermost contour corresponds to -0.5.

Figure 6: The seasonal and zonal means of the specific humidity analysis increments (shaded,
g/kg/day), with the tendency of the specific humidity due to turbulence processes superimposed
(contour interval is 0.5 g/kg/day, solid contours indicate positive values). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. The

vertical axis is pressure in mb.

Figure 7: The model level 72 (approximately 992mb) seasonal means of the u-wind analysis
increments (shaded, m/s/day) with the u-wind superimposed (contour intervals are 2 m/s with
negative values indicated by dashed contours). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 averaged over the time period 1981-2016.

Figure 8: The 500mb seasonal means of the u-wind analysis increments (shaded, m/s/day) with the
u-wind superimposed (contour intervals are 5 m/s with negative values indicated by dashed
contours). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over
the time period 1981-2016.

Figure 9: The model level 72 (approximately 992mb) seasonal means of the v-wind analysis
increments (shaded, m/s/day) with the v-wind superimposed (contour intervals are 1 m/s with
negative values indicated by dashed contours). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 averaged over the time period 1981-2016.

Figure 10: The model level 72 (approximately 992mb) seasonal means of the wind increments
displayed as vectors (m/s/day), from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged
over the time period 1981-2016. The shaded fields (mm/day) are the differences between the
precipitation from the replay run and that of the free running model (without replay, internal

designation is “base 97, see text).

Figure 11: Same as Fig. 10, but at model level 63 (approximately 857mb).



Figure 12: The 250mb seasonal means of the wind increments displayed as vectors (m/s/day), from

the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016.

Figure 13: The model level 72 (approximately 992mb) seasonal mean temperature increments
normalized by the standard deviation of the monthly means (1/dispersion). The results are from the

GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. Units are

standard deviations.

Figure 14: Same as Fig. 13, but at 650mb. Contours are the 650mb temperature.

Figure 15: Same as Fig. 13, but at 250mb.

Figure 16: The model level 72 (approximately 992mb) seasonal mean specific humidity increments
normalized by the standard deviation of the monthly means (1/dispersion). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. Units are

standard deviations.

Figure 17: Same as Fig. 16, but at model level 63 (approximately 857mb).

Figure 18: The model level 72 (approximately 992mb) DJF mean temperature increment anomalies
(°C/day) for 00z, 06Z, 12Z and 18Z. The results are from the GEOS S2S V3 AOGCM replayed to
MERRA-2 averaged over the time period 1981-2016.

Figure 19: Same as Fig. 18, but for JJA.

Figure 20: The model level 72 (approximately 992mb) DJF mean specific humidity increment
anomalies (g/kg/day) for 00z, 06Z, 12Z and 18Z. The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 averaged over the time period 1981-2016.

Figure 21: Same as Fig. 20, but for JJA.

Figure 22: Vertical cross sections (130°W to 60°W, from about 992mb to 500mb) at 35°N of the

JJA v-wind increments (shaded, m/s/day) and v-wind (contoured with dashed contours indicating



negative values, m/s) for a) 00z, b) 06Z, ¢) 12Z and d) 18Z. The results are from the GEOS S2S V3
AOGCM replayed to MERRA-2 averaged over the time period 1981-2016.

Figure 23: Vertical cross sections (130°W to 60°W, from 1000mb to 500mb, on pressure levels) at
35°N of the JJA v-wind differences (Base9-RPL; shaded, m/s/day) and RPL v-wind (contoured with
dashed contours indicating negative values, m/s) for a) 00z, b) 06Z, c) 12Z and d) 18Z. The results
are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-
2016.

Figure 24: The model level 72 (approximately 992mb) seasonal mean stream function increments.
The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time
period 1981-2016. Units are 10° m%/s/day.

Figure 25: Same as Fig. 24, but for 250mb.

Figure 26: The model level 72 (approximately 992mb) seasonal mean velocity potential increments.
The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time
period 1981-2016. Units are 10° m%/s/day.

Figure 27: Same as Fig. 26, but for 250mb.

Figure 28: Left panels: the leading REOFs of the model level 72 (approximately 992mb) stream
function increments. Right panels: the associated PCs plotted separately for each time of day. The
REOFs were obtained from monthly anomalies that were computed separately for each time of day:
00z, 06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text

for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 29: The time series of the modulus of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) stream function increments (see text for details). The results are from the

GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 30: Same as Fig. 29 except for PC 2.



Figure 31: Left panels: the leading REOFs of the model level 72 (approximately 992mb) velocity
potential increments. Right panels: the associated PCs plotted separately for each time of day. The
REOFs were obtained from monthly anomalies that were computed separately for each time of day:
00z, 06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text

for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 32: The time series of the modulus of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) velocity potential increments (see text for details). The results are from

the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 33: Same as Fig. 32 except for PC 2.

Figure 34: Left panels: the leading REOFs of the 250mb stream function increments. Right panels:
the associated PCs plotted separately for each time of day. The REOFs were obtained from monthly
anomalies that were computed separately for each time of day: 00z, 06z, 12z and 18z. The PCs
were obtained by projecting the 6-hourly anomalies (obtained by removing separate 6-hourly
climatologies for each time of day) onto the monthly REOFs (see text for details). The results are

from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 35: The time series of the modulus of the wavelet decomposition of PC 1 of the 250mb
stream function increments (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.

Figure 36: Same as Fig. 35 except for PC 2.

Figure 37: Left panels: the leading REOFs of the 250mb velocity potential increments. Right
panels: the associated PCs plotted separately for each time of day. The REOFs were obtained from
monthly anomalies that were computed separately for each time of day: 00z, 06z, 12z and 18z. The
PCs were obtained by projecting the 6-hourly anomalies (obtained by removing separate 6-hourly
climatologies for each time of day) onto the monthly REOFs (see text for details). The results are

from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.



Figure 38: The time series of the modulus of the wavelet decomposition of PC 1 of the 250mb
velocity potential increments (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.

Figure 39: Same as Fig. 38 except for PC 2.

Figure 40: The time series of the real part of the wavelet decomposition of PC 3 of the 250mb
velocity potential increments (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.

Figure 41: Left panels: the REOFs of the model level 72 (approximately 992mb) temperature
increments. Right panels: the associated PCs plotted separately for each time of day. The REOFs
were obtained from monthly anomalies that were computed separately for each time of day: 00z,
06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text

for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 42: The time series of the real part of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) temperature increments (see text for details). The results are from the

GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 43: Same as Fig. 42 except for PC 2.

Figure 44: The time series of the modulus of the wavelet decomposition of PC 3 of the model level
72 (approximately 992mb) temperature increments (see text for details). The results are from the

GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 45: Left panels: the REOFs of the 250mb temperature increments. Right panels: the
associated PCs plotted separately for each time of day. The REOFs were obtained from monthly
anomalies that were computed separately for each time of day: 00z, 06z, 12z and 18z. The PCs
were obtained by projecting the 6-hourly anomalies (obtained by removing separate 6-hourly
climatologies for each time of day) onto the monthly REOFs (see text for details). The results are

from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.



Figure 46: The time series of the modulus of the wavelet decomposition of PC 1 of the 250mb
temperature increments (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.

Figure 47: Same as Fig. 46 except for PC 2.

Figure 48: Same as Fig. 46 except for PC 3.

Figure 49: Left panels: the REOFs of the model level 72 (approximately 992mb) specific humidity
increments. Right panels: the associated PCs plotted separately for each time of day. The REOFs
were obtained from monthly anomalies that were computed separately for each time of day: 00z,
06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text

for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 50: The time series of the real part of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) specific humidity increments (see text for details). The results are from

the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 51: Same as Fig. 50 except for PC 2.

Figure 52: Left panels: the REOFs of the model level 63 (approximately 857mb) specific humidity
increments. Right panels: the associated PCs plotted separately for each time of day. The REOFs
were obtained from monthly anomalies that were computed separately for each time of day: 00z,
06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text

for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 53: The time series of the real part of the wavelet decomposition of PC 1 of the model level
63 (approximately 857mb) specific humidity increments (see text for details). The results are from

the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 54: Same as Fig. 53 except for PC 4.



Figure 55: Middle panels: The Antarctic Oscillation (AAO) determined here as the first REOF (22%
explained variance) of the SH 700mb mean height using monthly ERAS data for the period 1981-
2016, and the associated PC time series. Top left panels: the correlations between the AAO and a)
the 250mb velocity potential increments, and b) the model level 72 (approximately 992mb) velocity
potential increments. Bottom left panels: the correlations between the AAO and a) the 250mb
stream function increments, and b) the model level 72 (approximately 992mb) stream function
increments. Top right panels: the correlations between the AAO and a) the model level 63
(approximately 992mb) specific humidity increments, and b) the model level 72 (approximately
992mb) specific increments. Bottom right panels: the correlations between the AAO and a) the
250mb temperature increments, and b) the model level 72 (approximately 992mb) temperature

increments.

Figure 56: Same as Fig. 55 except for the Arctic Oscillation (AO). The AO is determined here as
the first REOF (13.5% explained variance) of the NH 1000mb monthly ERAS height data for the
period 1981-2016.

Figure 57: Same as Fig. 55 except for the North Atlantic Oscillation (NAO). The NAO is
determined here as the second REOF (7.3% explained variance) of the NH 500mb monthly ERAS
height data for the period 1981-2016.

Figure 58: Same as Fig. 55 except for the Pacific/North American (PNA) pattern. The PNA is
determined here as the fourth REOF (5.4% explained variance) of the NH 500mb monthly ERAS
height data for the period 1981-2016.

Figure 59: Same as Fig. 55 except for the Nifio3.4 index, and the middle panel shows the
correlations between the Nino3.4 index and SST globally.

Figure 60: Same as Fig. 55 except for the PDO index. The PDO is determined here as the third
REOF (6.4% explained variance) of the monthly NOAA Extended Reconstructed Sea Surface
Temperature (ERSST) data for the period 1981-2016.

Figure 61: The Madden-Julian Oscillation (MJO) as determined from the first two rotated complex
EOFs (RCEQFs) of the daily filtered (time scales longer than 10 days) 250mb velocity potential
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field computed from MERRA-2 data for the period 1980-2018. The first RCEOF explains 35% of
the variance while the second explains 17% of the variance. The different panels indicate the

different phases of the waves as they complete a circuit of the globe. See text for details.

Figure 62: Composites associated with RCEOF 1 (contours), of the specific humidity increments at
model level 63 (approximately 857mb, left panels) and those at model level 72 (approximately
992mb, right panels). The composites are based on those time periods when the associated complex

PC 1 has magnitudes exceeding 1 standard deviation during 1981-2016.

Figure 63: Same as Fig. 62 except for RCEOF 2.

Figure 64: The correlations between the monthly averaged PCs associated with the seven leading
REOFs of the analysis increments and the monthly indices of the various climate modes (AO, AAO,
PNA, AAO, PDO, and Nifo3.4) for: a) the stream function increments at model level 72, b) the
stream function increments at 250mb, c) the velocity potential increments at model level 72, d) the
velocity potential increments at 250mb, e) the temperature increments at model level 72, f) the
temperature increments at 250mb, g) the specific humidity increments at model level 72, h) the
specific humidity increments at model level 63. Correlations with absolute values greater than 0.19

are significant at the 1% level (highlighted in red). See text for details.

Figure 65: The correlations between the increments of the temperature at the lowest model level
(L=72) at time (n) and the corresponding temperature field one day earlier corr(AT,,, T,,_;) for a)
JJA, b) DJF, and c) annual. The calculation of the 1-day lag correlations includes all times of the
day (00z, 06z, 12z and 18z). See text for details.

Figure 66: The correlations between the increments of the specific humidity at the lowest model level
(L=72) at time (n) and the corresponding specific humidity field one day earlier corr(Aq,,, q,_1) for
a) JJA, b) DJF, and ¢) Annual. The calculation of the 1-day lag correlations includes all times of the
day (00z, 06z, 12z and 18z). See text for details.
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Figure 67: The correlations between the increments of the specific humidity at model level 63 at time
(n) and the corresponding specific humidity field one day earlier corr(Aq,, q,,_1) for a) JJA, b) DJF,
and c) Annual. The calculation of the 1-day lag correlations includes all times of the day (00z, 06z,

12z and 18z). See text for details.

Figure Al: Left set of panels: The seasonal mean precipitation from the replay run (top panels) and
the free running model (bottom panels). Right set of panels: the same as left but for the differences

with respect to the MERRA-2 corrected precipitation. Units: mm/day.

Figure A2: Left set of panels: The seasonal mean SST bias with respect to Reynolds for the replay
run (left panels) and the free running model (right panels). Units: °C.  Right set of panels: The
seasonal mean surface latent energy flux bias with respect to MERRA-2 for the replay run (left panels)

and the free running model (right panels). Units: W/m?.
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Executive Summary

The history of analysis increments produced as a biproduct of a reanalysis provide an important
source of information for addressing model deficiencies. This is facilitated by the NASA Global
Modeling and Assimilation Office’s (GMAO’s) development of a “replay” capability (Takacs et al.
2018), which can be used with any model and any existing reanalysis to produce a history of analysis
increments (difference between an existing analysis and the first guess) specific to that model. As
such, replay provides an important tool for model development without the need to build a full-blown
data assimilation infrastructure around the model in question. We present here an analysis of the
climate characteristics of the analysis increments obtained from replaying the latest version of the
NASA/GMAO GEOS coupled model to the MERRA-2 atmospheric reanalysis for the period 1981-
2016. The ultimate goal of this study is to use information about the analysis increments to extend
the TBC approach of Chang et al. (2019) — to introduce, for example, state-dependent bias corrections

— in the hopes of improving subseasonal to seasonal predictions.

The results presented here are comprehensive and can be viewed as a reference for anyone interested
in obtaining an in-depth assessment of this version of the NASA/GMAO GEOS S2S coupled
model’s short-term (6-hourly) analysis increment biases and variability, including the extent to
which that variability reflects changes in the observing system and/or dependencies on climate
variability. Furthermore, we hope this study can provide a framework for the type of in-depth
analysis of model errors that can be done routinely as major new versions of the S2S model come
on-line. The results include an assessment of the mean annual and diurnal cycles of u, v, T and q
increments and the (non-systematic) variability of those increments on semi-diurnal to decadal time

scales. The systematic (time mean) components of the increments are compared with the model’s
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physical forcing terms to provide some insight into how the increments appear in some cases to be
correcting those physical forcing terms. To make the assessment of the non-systematic variability
of the increments tractable we decompose it into rotated empirical orthogonal functions (REOFs)
and focus on the leading modes. The time variability associated with those REOFs (the principal
components or PCs) is analyzed using a wavelet analysis to allow a clearer picture of how the
spectral properties of the increments change over time. The potential connections to climate
variability are quantified by examining the links (based on correlations or composites) between the
increments and some of the leading modes of climate variability: the AAO, the AO, the NAO, the
PNA, the MJO, ENSO (Nifio3.4) and the PDO. Finally, we present a linear framework for more
directly linking the time-variability of the increments to potential deficiencies in the model

formulation of the physical forcing terms, together with some preliminary results.

The following lists some of the highlights of our analysis.

1) The time mean increments appear to correct, in part, biases linked to deficiencies in the
model’s physical parameterizations. In particular we find that:

a. The zonal mean increments are drying (and warming) much of the boundary layer
and moistening (and cooling) the levels just above that, presumably compensating
for deficiencies in the model’s boundary layer moist physics and turbulent vertical
transport. Spatially, this problem is concentrated over the subtropical oceans.

b. There is an overall tendency for the temperature increments to warm the equatorial
upper troposphere during all seasons, thereby correcting what is apparently

insufficiently deep tropical heating due to the model’s moist processes.
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The increments act to correct the tendency for the free running model to produce an
unrealistic double ITCZ, as reflected in the changes in the zonal mean moist heating
profiles and precipitation, especially during DJF.

The temperature increments act to warm the lower troposphere in both the NH and
SH storm tracks, suggesting that the model may be producing insufficient heating
associated with middle latitude synoptic-scale disturbances. This appears to be tied
to the free-running model’s insufficient transient eddy activity, especially @’ T".

The wind increments act to suppress convergence in the tropical Pacific boundary
layer, while above that, the wind increments are acting to enhance the upward motion
(producing anomalous low-level convergence and upper-level divergence) and
presumably acting to increase the precipitation. As such, these results suggest that
the source of the excessive tropical Pacific precipitation likely lies in the boundary
layer formulation.

Composites of the moisture increments over the different phases of the MJO indicate
that the model is deficient in moving moisture out of the boundary layer at the leading
edge of the active region of the MJO (where the rising motion occurs) — moisture the
MJO presumably needs to advance the area of rising motion eastward. Somewhat
paradoxically, the increments also indicate that the active phase of the MJO (as it
moves across the dateline) leaves in its wake a too dry boundary layer and excessively
wet conditions overhead.

The JJA wind increments are for the most part negative within the domain of the U.S.
Great Plains Low Level Jet (GPLLJ) during all times of the day, consistent with the

fact that the free-running model has an excessively strong GPLLJ. It is noteworthy
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that negative increments underneath the LLJ maximum extend to the surface,

suggesting that there may be insufficient surface friction in the model.

2) The variability of the increments has rather complicated structures in both space and time,
reflecting in part changes in the observing system. This is especially true for the specific
humidity and temperature increments, and less so for the non-divergent wind increments. In
particular,

a. A significant fraction of the increment variability is in the semi-diurnal (two cycles
per day) and diurnal cycles reflecting differences in the predominate observational
type entering the analysis at different times of the day. This variability in many cases
varies dramatically over the course of the 36 years (1981-2016), reflecting changes
in the observing system used to produce MERRA-2.

b. A major shift in the character of the increments tends to occur around the year 2000
(+/- 2 years) and appears to be associated with the introduction of AMSU and AIRS
data.

c. Some of the largest long-term changes in the character of the near surface
temperature and moisture increment variability occur in the high latitude SH at the
ice margins and likely reflects changes in the MERRA-2 boundary forcing (SST and

sea ice) data.

3) Despite the above impacts of the changing observing system, there do appear to be
substantial dependencies (on monthly time scales) of the increments on various climate
modes of variability. In particular, significant correlations are found with the AO, NAO, AO

and PNA. Links are also found with the PDO and ENSO, with some of the strongest
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4)

correlations occurring between the Nifio3.4 index and the temperature and moisture

increments in the tropical Pacific.

A more direct link between the increment variability and model error is quantified assuming
a linear propagator as an approximation to the GEOS coupled model. Within that
framework we show that the model propagator could be corrected/improved by adding a
term which essentially involves the correlations between the increments and the previous
analysis. A preliminary assessment of those correlations indicates that the model tends to
produce near surface fluctuations that have excessively long time scales over the oceans and

excessively short time scales over land, especially during DJF.
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Introduction and Motivation

The history of analysis increments produced as a biproduct of a reanalysis provide an important
source of information on model deficiencies. These deficiencies, which manifest themselves as
biases in the analysis increments (analysis minus first guess, see Section 2.3 and Fig. 1a), can in fact
be used to correct the model employed in the reanalysis (Chang et al. 2019). NASA’s Global
Modeling and Assimilation Office (GMAO) developed a “replay” capability (Takacs et al. 2018, see
section 2.3) that allows recovering the analysis increments for a given model design from an existing
reanalysis with little more than the cost of performing a model simulation. In fact, the replay
approach can, in principle, be used with any model and any existing reanalysis to develop a history
of analysis increments specific to that model. As such, replay (including regional replay, see
Schubert et al. 2019) serves as an important tool for model development that makes use of analyzed
weather but avoids the need to build a full-blown data assimilation infrastructure around the model

in question.

Here we examine the history of analysis increments produced from a replay to the MERRA-2
atmospheric reanalysis. The model in question in this case is a recent version of the GEOS coupled
atmospheric/ocean model (see Section 2). Here it is important to emphasize that we are not only
replaying to an atmospheric model different from that used to produce MERRA-2 (it is a much up-
dated version), we are replaying to an atmospheric model coupled to an ocean/ice model. We have
in fact found that replaying the atmosphere in a coupled environment produces analysis increments
that differ substantially from those produced when replaying the same atmospheric model within an
atmosphere-only framework, highlighting the need to address coupled model error through a replay

in a coupled environment (Chang et al. 2019). While replaying to the ocean, in addition to the
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atmosphere, seems like a natural approach for replaying with a coupled model, we have not done
that here. Our focus here is on improving the atmospheric component of the coupled model, and
we believe that there is some advantage to not correcting the ocean in the process of replaying. For
example, it may be advantageous to take a two-step approach to addressing potential
atmosphere/ocean coupling errors (replaying first to the atmosphere and then to both the ocean and
atmosphere) to better isolate the source of the model deficiencies. In any event, there are additional
challenges involved with generating a consistent long-term history of analysis increments for the
ocean, given the sparseness of the subsurface observational record prior to the early 2000s (prior to
the deployment of Argo floats, Argo (2000)). Nevertheless, given some early successes in utilizing
the ocean analysis increments to correct a coupled model bias (Lu et al. 2020), we do plan to pursue

the more comprehensive approach in the near future.

The systematic components of analysis increments are of course not fully reflective of model bias;
they may, in part, reflect biases in the observations being assimilated (Gelaro et al. 2017). While
considerable progress has been made in correcting observational biases (e.g. Dee and Todling 2000;
Dee and Uppala 2009), there is to some extent still an interplay between model and observational
biases that make the interpretation of the analysis increment biases a challenge. Here, in our analysis
of the replay results, we rely heavily on a comprehensive assessment of the observations assimilated

in MERRA-2 produced by McCarty et al. (2016).

It is important to emphasize that our ultimate goal here is not to address MERRA-2 quality; rather, it
is to better understand and potentially correct coupled model error based on the information contained

in the analysis increments. In particular, by quantifying the long-term variability (the climate
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characteristics) of the analysis increments obtained from the coupled model replay to MERRA-2, we
hope to be able to use that information to refine the TBC approach of Chang et al. (2019), e.g., by

allowing TBC to utilize state-dependent bias corrections.

This report is organized as follows. Section 2 describes the model and datasets. Our assessment of
the climate characteristics of the replayed increments is presented in section 3. Section 4 provides
some concluding remarks. The Appendix provides some additional diagnostics geared to an

assessment of the quality of some of the surface flux fields over the ocean.

2. The Model and Datasets

2.1 The S28 Version 3 GEOS AOGCM

This study uses version 3 of the GEOS S2S Atmosphere-Ocean General Circulation Model
(AOGCM). The S2S designation indicates that it is the GEOS model tailored for the GMAO’s

subseasonal to seasonal (S2S) prediction efforts.

GEOS S28-3 is fundamentally similar to version 2 (described below). It does, however, include
advancements geared to improving the simulation of the ocean. The model also underwent a major
tuning exercise that resulted in substantial reductions of the biases in the simulation of sea surface
temperature, net surface heating, and atmospheric temperature, humidity and winds (Molod et al.
2022). As described in Molod et al. (2020), the main components of the GEOS S2S V2 (and V3)
AOGCM are the GEOS atmospheric general circulation model [Molod et al., 2015; Rienecker et al.,

2008], the Catchment land surface model [Koster et al., 2000], the Goddard Chemistry Aerosol
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Radiation and Transport (GOCART) aerosol model [Chin et al, 2002; Colarco et al, 2010], the
Modular Ocean Model-5 (MOMS) ocean general circulation model [Griffies et al., 2005; Griffies,

2012], and the Community Ice CodE-4 (CICE 4) sea ice model [Hunke and Lipscomb, 2008].

The GEOS AGCM simulates large-scale transport and dynamics with an adaptation of the flux-form
semi-Lagrangian (FFSL) finite-volume (FV) dynamics of Lin [2004], adapted for a cubed sphere
horizontal discretization [Putman and Lin, 2007]. A comprehensive description of baseline versions
of the physical parameterizations, which include convection, cloud macro- and micro-physics,
longwave and shortwave radiation, turbulence, and gravity wave drag, is found in Rienecker et al.
[2008], and the updates used within a more recent version of the AGCM are found in Molod et al.

[2015].

For all the results presented here, the AGCM component was run at ~0.5° spatial resolution (on a
cubed sphere grid) with 72 hybrid sigma/pressure levels, while the OGCM was run at ~0.25° with 50
levels. While almost all of the results presented here are from the replay run, we do (on a very limited
basis) make comparisons with the results of a long free-running (without replay) simulation
performed with the same model. This ~200-year simulation is hereafter referred to as the “Base 9”

simulation.

2.2 MERRA-2 and other observational datasets

The atmospheric reanalysis data used for this study is the Modern-Era Retrospective analysis for

Research and Applications version 2 (MERRA-2; Gelaro et al. 2017). MERRA-2, developed by
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NASA Goddard Space Flight Center (GSFC) / Global Modeling and Assimilation Office (GMAO),
is an updated version of MERRA (Rienecker et al. 2011) that includes an improvement of the
assimilating model’s physical parameterizations of moist processes, turbulence, land and ocean
surface processes, and gravity wave drag (Bosilovich et al. 2015; Molod et al. 2015; Gelaro et al.
2017). Other differences from MERRA include aerosol data assimilation, as well as new
developments in the representation of ozone and in the use of precipitation observations to force the
land surface. The horizontal resolution of the MERRA-2 data is 0.625° longitude % 0.5° latitude. The
key variables examined here consist of the precipitation, temperature, specific humidity, winds and
geopotential heights. We note, however, that the MERRA-2 precipitation used in this study for
verification is an observationally-corrected product in which the precipitation generated by the
atmospheric model underlying MERRA-2 was merged with gauge and satellite precipitation
observations (Reichle and Liu 2014, Reichle et al. 2017). In the following, we will use the words
observations and MERRA-2 interchangeably with, of course, the understanding that MERRA-2 is a
reanalysis product that combines a model-based first guess with observations and, as such, the

reanalysis products are themselves potentially impacted by model biases.

While most of the results presented here are based on MERRA-2 (the replay experiment), we also,
on a more limited basis (in Section 3.3), make use of ERAS5 (C3S 2017) and the NOAA Extended
Reconstructed Sea Surface Temperature (ERSST) data. Also, in the Appendix the SST biases are

calculated with respect to the observational product produced by Reynolds et al. (2002).
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2.3 The Replay Experiment and Interpretation of the Increments

As noted in the Introduction, the focus of this study is on the results of a replay experiment in which
the GEOS S2S V3 AOGCM is replayed to MERRA-2. The replay experiment is carried out for the

period 1981-2016. In the following we briefly review the replay approach.

The replay methodology takes advantage of the incremental analysis update (IAU) procedure (Bloom
et al. 1996) employed in the GEOS data assimilation system (Rienecker et al. 2008) in which the

equations governing the assimilation have the form:

= f(x) + Ax (1)

where Ax = (analysis — forecast)/6hrs is the instantaneous analysis increment (applied to the
model’s prognostic variables), and f(x) consists of all the dynamics and physics terms of the model

(f(x) thus basically representing the changes induced by the uncorrected model).

As described in Takacs et al. (2018) and Chang et al. (2019), replay (see Fig. 1a) takes advantage of
the incremental analysis update (IAU) procedure employed in the GEOS data assimilation system to
force a model to track a pre-existing analysis. The equations governing replay have the same form
as noted earlier for the assimilation (see eq. 1). The difference from the assimilation is that now the
analysis used in computing A x = (analysis — forecast)/6hrs is a pre-existing analysis which is
simply read in during the course of the integration (Figure 1a). As such, the increments from replay
are a more direct estimate of the tendency biases for that particular model. It should be noted that

had we employed the exact same version of the model used to produce MERRA-2 (here we did not,
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since the atmospheric model is a newer version and coupled to the ocean, see above), the replay
increments (A x) would be the same as those obtained from MERRA-2. This, in fact, highlights
another key advantage of replay — the ability to recreate exactly an existing reanalysis without having

to actually redo the analysis with the full data assimilation system.

We note that while the algorithm for replaying to MERRA-2 with a coupled model has the option of
running with a “dual ocean” in which the AGCM is forced with observed SST during the forecast
phase (Fig. 1a), that was not done here. This has been shown to produce improved surface fluxes and
correct problems with salinity and the ocean circulation. An inspection of the surface fluxes here,
however, showed no apparent problems with the fluxes or SST (see the Appendix), though we have

not looked at the subsurface ocean in this run. Furthermore, we did not replay aerosols.

Figure 1b illustrates the climate drift of the model, highlighting the tendency bias (the initial drift)
obtained from replay and the final drift (long term bias) of the free running model. To help in the
interpretation of the time mean increments (retaining the diurnal and annual cycles, Section 3.1) and

the potential link to model error we consider three different averages. These are:
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00 + £, 4 - fy ()™ =0, (2a)

AT + LG + - fu()® + Ax™) =0, (2b)

gl(x)(r) + gz(x)(r) + '”gN(x)(r) + gN+1(x)(T)+ gN+2(x)(r) + - =0. (2¢)

Here, (2a) is the time mean budget of the free running model, where f, (x)(™ is the long-term
average of the kth component of the model’s physics/dynamics terms, and the averaging is done over
the free-running model’s climate (denoted by m). Similarly, (2b) is the time mean budget of the replay
run, where f,(x)™ is again the long-term average of the kth component of the model’s
physics/dynamics terms, but here the averaging is done over the reanalysis climate (denoted by r).
Finally, (2¢) is the time mean budget of a hypothetical perfect model, where g, (x)™ is the long-
term average of the kth component of the perfect model’s physics/dynamics terms, and the averaging
is again done over the reanalysis climate (denoted by r). Here we include additional physics/dynamics
terms (N+1, N+2, ...) to allow for the possibility that the current model is missing processes that
occur in nature (the perfect model). By comparing (2a) and (2b), we will examine in the following
(Section 3a) whether replay produces better estimates of the various forcing terms compared with
those of the free running model. In terms of the above equations (2), we are asking whether the

following inequality is true (here, || || refers to magnitude):

| 5GP = g )P < || f)™ = g )P k=1..... N. )
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If true, we can say that the analysis increments are correcting non-structural model deficiencies.
Furthermore, comparing 2(b) and (2c), we are equating the time mean increments with potentially
missing physical processes, though this could also include corrections associated with, say,
inadequate resolution or incorrectly tuned versions of the current model’s parameterizations. We say
that the time mean increments are correcting structural model deficiencies, and a key challenge will

be to interpret the time mean increments in terms of specific deficiencies in the model formulation.

Finally, we also examine whether there is information about model error associated with the time
variability of the increments. That is, is there a state-dependence of the increments? We address this
question in two different ways. One way (Section 3.3) considers whether the increments (and
therefore model error) vary systematically in association with specific climate modes of variability.
For example, a dependence of the increments on the phase of the MJO could reflect model
deficiencies such as insufficient preconditioning of the moisture at the leading edge of the MJO. We
should note, however, that dependencies of the increments on climate modes of variability could
occur even in a perfect model, given, for example, that the magnitude of atmospheric variability (and
thus the potential size of the increments) can change with the phase of a climate mode (e.g., ENSO).
The other approach we take (Section 3.4) looks more directly at the link between the variability in

the increments and model error, formulating a correction to the model in a linear framework.
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GMAO Replay Cycle with IAU

\ Read existing analysis:
/ IAU = (analysis - forecast)/6hrs
Rewind the model 3 hours
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Replay with IAU
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ot
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Tendency Bias

Climate Drift

Free running model
F=f®

Climate Bias

1 | | |

Figure 1: a) A schematic of the replay approach used to compute the analysis increments (IAU,
or Ax in our current terminology) from an existing analysis (figure taken from Chang et al.
2019). Here IAU refers to the incremental analysis update procedure for performing data
assimilation, as developed by Bloom et al. (1996). See also Takacs et al. (2018) for further
information about the numerical stability of replay. b) A schematic of the evolution of the free

running model’s [% = f(x)] climate drift which saturates to the climate bias at long leads.

Replay [% = f(x) + Ax ] provides information on the initial drift (the time mean of the

1 day 1 week 1 month 1 season

Forecast lead time

increments, or tendency bias).
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In the interpretation of our results, we of course must keep in mind that the observing system used in
producing MERRA-2 is not constant and as such can introduce spurious variability into the replayed

increments that having nothing to do with model error. We address this in Section 3.2.

3. Results: The Atmospheric Increments from Replay

In the following two sections we present various climate characteristics of the increments, including
in Section 3.1 their mean annual and diurnal cycles, zonal means and global distributions, and in
Section 3.2 their variability on time scales ranging from 6 hourly to decadal (to the extent the latter
time scales are resolved in the 3 1/2 decades of replay examined here). To help interpret the
increments, we include in some of the figures certain aspects of the replayed fields themselves, such
as the corresponding state variables or the relevant model physics terms. In a few cases, we also
compare the replay results with those from a long free-running model simulation (the Base 9
simulation, see Section 2.1). When examining the increment variability, we also try to assess whether
any unusual behavior is tied to changes in the observing system. Section 3.3 focuses on the extent
to which the behavior of the increments is linked to specific climate phenomena, while Section 3.4
looks at whether we can use information about the variability of the increments to more directly

identify and quantify deficiencies in the model formulations.

3.1 Mean Annual and Diurnal Cycles of u, v, T and q increments

a) Seasonal means of zonal means

We begin by examining the zonal mean increments for each season with a focus on the troposphere.

Figure 2 shows the zonal mean u-wind increments for each season. In order to better orient the
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reader, the mean zonal winds (from the replay run) are superimposed on the increments with green
contours. A second set of contours (black) shows the zonal wind eastward tendency due to the
model’s turbulence processes. A general feature of the increments is the tendency for positive values
to occur in the middle latitude (30° - 60°) boundary layers of both hemispheres, while negative
values occur in the boundary layer centered at about 60°N during DJF, MAM and SON. In the upper
troposphere, during DJF, MAM and SON, the increments are acting to shift the NH jet equatorward.
During DJF and MAM, just below the jet maximum at about 30°N, the increments are positive and
are acting to counter the dissipation from the turbulence scheme. The tropical increments tend to be
negative in the mid troposphere especially during JJA. In the SH, there is a general tendency for
negative increments poleward of about 60°S during all seasons, acting to counter the dissipation
from the turbulence scheme there, while just to the north of that (on the poleward flank of the jet)
the increments are acting to strengthen the westerlies. We will take a closer look at the u-wind

increments at specific levels later in this section.
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Figure 2: The seasonal and zonal means of the u-wind analysis increments (shaded, m/s/day),

with the tendency of the u-wind due to turbulence processes (black contours) and the time mean

zonal wind (green contours) superimposed. Dashed contours indicate negative values. The

results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time

period 1981-2016. The vertical axis is pressure in mb. Black contour levels are ‘-18 -16 -14 -

12-10-8-6-4-224681012 14 16 18’ and contouring south of 70°S is suppressed due to

the noisiness of the fields.
Figure 3 shows the zonal mean v-wind increments (shaded) with the superimposed tendency due to
turbulence (black contours) and the mean-v-wind (green contours). The v-wind shows the expected
strong annual cycle, with the Hadley cell shifted into the NH in DJF and into the SH in JJA, and
with the transition seasons showing Hadley Cells more centered on the equator. The increments

have somewhat noisy structures, though a few things stand out. During both JJA and SON positive

increments act to strengthen the northern edge (just north of the equator) of the lower tropospheric
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return branch of the Hadley Cell. During the transition seasons (MAM and SON) the increments act

to increase the height of the lower tropospheric return flow in the tropics of both hemispheres, and

as such act to increase the convergence just above the boundary layer between about

800mb-900mb.

In the upper troposphere the increments tend to strengthen the equatorial outflow during all seasons.

There is also some tendency to weaken the lower tropospheric branches of the Polar and Ferrel Cells

in the SH. Near the surface, there is a tendency for the increments to reduce the equatorial inflow

and therefore effectively enhance the near surface dissipation.
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Figure 3: Same as Figure 2, but for the v-wind.
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The zonal mean temperature increments (Fig. 4a) act to warm much of the troposphere below about
900 mb, counteracting the strong cooling from moist processes. On the other hand, there is an overall
tendency for the increments to cool the troposphere above the boundary layer between about 900mb
and 800mb (countering the warming there due to moist processes). The increments produce a
warming tendency in the equatorial upper troposphere (with cooling below that, especially at about
650mb) during all seasons, where they support an upward extension of the tropical deep heating due
to moist processes. While we suspect the insufficient deep heating primarily reflects errors in the
model’s moist convective heating, it likely also involves errors in cloudiness and the heating from
longwave and shortwave radiation. Disentangling such errors is however beyond the scope of this

study.

The increments also act to warm the lower troposphere in the SH middle latitudes during all seasons,
supporting the warming due to moist processes. This suggests that the model may be producing
insufficient heating associated with SH middle latitude synoptic-scale disturbances. We will look at
that in more detail when examining the spatial distributions of the temperature increments at selected
levels in Section 3.1b. A key question posed in Section 2.3 has to do with whether the heating profiles
from the replay shown in Fig. 4 are a more accurate representation of the true heating profiles
compared to that produced by the free running model. A well-known problem with coupled models

is the tendency to produce a double ITCZ. This is true for the S2S v3 model (see Appendix).
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Figure 4a: The seasonal and zonal means of the temperature analysis increments (shaded, °C/day),
with the tendency of the temperature due to moist processes from replay superimposed (contour
intervals are “-4.5 -4.0 -3.5-3.0-2.5-2.0-1.5-1.0-.5.51.0 1.52.0 2.5 3.0 3.5 4.0 4.5”, negative
values have dashed contours). The results are from the GEOS S2S V3 AOGCM replayed to
MERRA-2 averaged over the time period 1981-2016. The vertical axis is pressure in mb.

While we of course do not have the true heating profiles available for comparison, we can compare
the heating with what MERRA-2 produces (contours in Figure 4b). That heating looks remarkably
similar to the heating from the replay (cf. contours in Figure 4a and 4b). This is remarkable since
the free running model tends to produce reduced heating at the equator and enhanced heating off the

equator, consistent with an unrealistic double ITCZ (see shading in Fig. 4b), especially during DJF
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and MAM. This suggests that indeed, given more accurate input, the model’s moist physics routines
produce more accurate heating profiles. We note that MAM does show a double ITCZ in both the
MERRA-2 and replay results. This is consistent with other observations (e.g., Liu and Xie 2002)
which indicate that nature does tend to produce a double ITCZ in the Pacific during this season. We
also see from Fig. 4b that, in the lower troposphere, the free running model (Base 9) tends to have
too much heating near the top of the boundary layer (just below 900mb) and too little heating just

above that during all seasons.
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Figure 4b: The seasonal and zonal means of the temperature tendency due to moist
processes from MERRA-2 (contoured, negative values have dashed contours), and the
difference in the moist heating between Base 9 and replay (shaded). Units are (°C/day).
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The zonal mean moisture increments (Fig. 5) act to dry the troposphere below about 900mb and
moisten the atmosphere between about 950mb and 800mb during all seasons, with the largest
amplitudes occurring in the subtropical regions of both hemispheres. In the tropical middle and
upper troposphere, the increments show a tendency to moisten the atmosphere, counteracting the

moisture removal from moist processes there. It is noteworthy that the largest reduction in
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Figure 5: The seasonal and zonal means of the specific humidity analysis increments (shaded,
g/kg/day), with the tendency of the specific humidity due to moist processes superimposed (contour
interval is 0.5 g/kg/day, negative values have dashed contours). The results are from the GEOS S2S
V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. The vertical axis is
pressure in mb. Note that the outermost contour corresponds to -0.5.
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atmospheric moisture from moist processes occurs around 900mb (at the node of the pattern of
moisture increments). Figure 6, which again displays the zonal mean moisture increments but now
with superimposed moistening from turbulent processes, shows that the moisture increments act to

support the moistening from turbulent processes just above the boundary layer (above about 900mb),
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Figure 6: The seasonal and zonal means of the specific humidity analysis increments (shaded, g/kg/day),
with the tendency of the specific humidity due to turbulence processes superimposed (contour interval
is 0.5 g/kg/day, solid contours indicate positive values). The results are from the GEOS S2S V3
AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. The vertical axis is pressure
in mb.
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while counteracting the moistening due to turbulent processes below about 950mb. As such, the
increments are drying much of the boundary layer and moistening the region just above that,
presumably compensating for excessive drying at the top of the boundary layer by the model’s moist
physics, and/or insufficient vertical transport of moisture in the boundary layer from turbulent

processes. To aid in the interpretation of these results, we will look at the moisture increments at

selected levels in the next section.

b) Seasonal means at selected levels

We next examine the global distribution of the seasonal mean analysis increments at selected levels,
focusing in particular on those levels characterized in the previous section by large values in the

zonal means.

Figure 7 shows the seasonal mean u-wind increments at the lowest model level (roughly 992mb or
60 meters above the surface). Here we see that the relatively strong positive zonal mean u-wind
increments near the surface just north of 30°N for all but the summer months (Figure 2) reflect to a
large extent the westerly flow acceleration over the Tibet region, while during DJF there is also a
tendency to accelerate the westerlies just off the west coast of both Asia and North America. Also,
the near-surface deceleration centered on 60°N that we saw in the zonal mean (Figure 2, again for
all but the summer months) to a large extent reflects the westerly flow deceleration over Eurasia.
Westerly flow deceleration also occurs over much of eastern North America while western North
America (over the Rocky Mountains) is characterized by an acceleration of the westerly flow for all
seasons. There is a general tendency for westerly acceleration (impeding the easterly flow) over the

SH land masses during all seasons. There is also a tendency to accelerate the easterlies over the
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Pacific and Atlantic Oceans. The above results suggest that there may be insufficient surface friction

over continental regions, while the high topography may be acting too strongly to impede the flow.

u-wind (m/s) & DUDTANA (m/s/day) @ Lev=72

T T T T T T - contour: 2 (m/s)

~45 -4 =35 -3 =25 -2 -15 -1 ~05 05 1 15 2 25 3 35 4 45

Figure 7: The model level 72 (approximately 992mb) seasonal means of the u-wind analysis
increments (shaded, m/s/day) with the u-wind superimposed (contour intervals are 2 m/s with
negative values indicated by dashed contours). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 averaged over the time period 1981-2016.

Figure 8 shows the seasonal mean u-wind increments at 500mb — the level with the local positive
maximum in the zonal mean u-wind increments (centered at 30°N) we saw in Fig. 2. This shows
that the westerly acceleration during all seasons at those latitudes occurs primarily over Tibet and
the North Pacific jet entrance region, as well as in the North Atlantic jet entrance region (over the
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southeast U.S. and Gulf of Mexico). In the Southern Hemisphere, the increments act to enhance the
split of the westerlies (centered over New Zealand) and to accelerate the westerlies south of 60°S

(just north of Antarctica). In the tropics the increments generally produce an easterly acceleration.
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Figure 8: The 500mb seasonal means of the u-wind analysis increments (shaded, m/s/day) with the
u-wind superimposed (contour intervals are 5 m/s with negative values indicated by dashed
contours). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over
the time period 1981-2016.
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Figure 9 shows the seasonal mean v-wind increments at the lowest model level. While spatially
somewhat noisy, there are a few things that stand out. There is a general tendency for a southerly

wind tendency throughout the Southern Hemisphere middle latitudes for all but DJF. There is also
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Figure 9: The model level 72 (approximately 992mb) seasonal means of the v-wind analysis
increments (shaded, m/s/day) with the v-wind superimposed (contour intervals are 1 m/s with
negative values indicated by dashed contours). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 averaged over the time period 1981-2016.

anortherly wind tendency over much of the North Atlantic during all seasons. Over northern Eurasia,
DJF is characterized by a northerly wind tendency, while JJA is characterized by a southerly wind

tendency. Over the United States, JJA (and to a lesser extent MAM and SON) shows a northerly
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wind tendency, indicating a deceleration of the Great Plains Low Level Jet (GPLLJ) by the

increments. We will focus again on the GPLLJ later in this section.

In order to get a better sense of the combined impact of the low-level u and v wind increments over
the oceans, we next plot the wind increments at the lowest model level as vector quantities (Figure

10). We superimpose on those vector fields the precipitation differences between the free-running
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Figure 10: The model level 72 (approximately 992mb) seasonal means of the wind increments displayed
as vectors (m/s/day), from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time
period 1981-2016. The shaded fields (mm/day) are the differences between the precipitation from the
replay run and that of the free running model (without replay, internal designation is “Base 97, see text).
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model (Base 9) and the replay run, with the hope of gaining some insight into how the wind
increments may have played a role in correcting some of the long-standing precipitation biases of
the model (excessive tropical precipitation, a split ITCZ, and insufficient Indian summer monsoon
precipitation, see the Appendix). Focusing on the tropical Pacific, we see that the wind increments
act to enhance low level divergence (suppress convergence) over much of the eastern equatorial
Pacific during all seasons though especially during JJA and SON. During DJF the increments also
act to enhance the easterlies just north of the equator, coinciding with the region where the replay
run produces substantially less precipitation than the base 9 run (possibly by enhancing the cold
water upwelling there). The increments are divergent over the maritime continent south of the

equator during JJA, presumably helping to reduce the precipitation compared to base 9 in that region.

Figure 11 shows that things are quite different at model level 63 (roughly 857 mb), with the wind
increments in the tropical Pacific indicating a tendency for convergence especially in the western
Pacific, while in the upper troposphere (250mb, Fig. 12) the wind increments act to increase
divergence over much of the tropical Pacific. As such, these results suggest that the source of the
excessive tropical Pacific precipitation likely lies in the boundary layer formulation where the
increments are acting to suppress convergence. Above that, the increments are actually acting to
enhance the upward motion (producing anomalous low-level convergence and upper-level

divergence) and presumably acting to increase the precipitation.
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RPL - Base_9: Precip (mm/day) & DUDTANA;DVDTANA @ Lev=63 (m/s/day)
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Figure 11: Same as Fig. 10, but at model level 63 (approximately 857mb).
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DUDTANA;DVDTANA @ 250mb (m/s/day)
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Figure 12: Same as Fig. 10, but at 250mb and without the precipitation differences.

We next turn to the spatial distribution of the temperature increments (Figs 13 - 15) and moisture
increments (Figs 16 and 17). In these figures we plot the seasonal mean increments normalized by
the standard deviation of the monthly means (1/dispersion) as a way of highlighting those regions
where the mean values are statistically the most robust. Figure 13 shows that the zonal mean
boundary layer warming that we saw in Fig. 4a during all seasons is concentrated over the subtropical

oceans. This is presumably compensating for insufficient heating (too strong cooling) from the
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1/Dispersion of DTDTANA @ z=1

Figure 13: The model level 72 (approximately 992mb) seasonal mean temperature increments
normalized by the standard deviation of the monthly means (1/dispersion). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016. Units are
dimensionless.

model’s moist boundary layer processes over those regions. During JJA, the near surface increments
act to cool the NH land areas, whereas during DJF the increments act to warm much of the NH
middle and high latitude land areas. Low level cooling tendencies also occurs over Africa, Australia

and South America during all seasons.

The temperature increments at 650mb (Fig. 14) are quite different from those near the surface,
showing maximum warming in the storm tracks of both hemispheres during all seasons (recall the

relatively large positive zonal mean values in the SH middle latitudes, Fig. 4a). Here we see that the
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temperature increments are also positive in the NH storm tracks at 650mb (in both the North Pacific
and North Atlantic Oceans) though these do not show up in the zonal means (Fig. 4a) due to the
negative temperature increments over the intervening land areas. This is likely compensating for the
free-running model’s insufficient transient eddy variability, and in particular for the insufficient
heating associated with biases in the vertical transient eddy heat fluxes (w'T’, not shown). The
increments are negative throughout the tropics, with the largest amplitudes roughly coinciding with

the regions of maximum precipitation.

T (K) & 1/Dispersion of DTDTANA @ 650mb

30S

60S

90s

90N

60N G

30N -

£Q

308

60S

90S
0

S [ S S N N O g

-45 -4 -35 -3 -25 -2 -15 -1 =05 05 1 15 2 25 3 35 4 45

Figure 14: Same as Fig. 13, but at 650mb. Contours show the 650mb temperature.
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At 250mb (Fig. 15) we see that the zonal mean upper tropospheric warming (Fig. 4a) is the result of
warming tendencies that occur throughout the tropics. The warming is to a large extent spatially
tied to the locations of the maxima in tropical precipitation and is likely compensating for insufficient
deep convective heating in those regions. Some of the largest warming tendencies occur over
northern South America during DJF and MAM. Outside of the tropics the increments act to cool
the atmosphere at 250mb during all seasons, especially in the SH storm tracks during MAM and

over much of the NH land areas during JJA.
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Figure 15: Same as Fig. 13, but at 250mb.
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Figure 16 shows that the moisture increments are acting to dry the lowest level of the model almost
everywhere over the oceans during all seasons. Some moistening occurs during all seasons over
northern South America, western North America, tropical Africa and the maritime continent.
Moistening also occurs over northern Eurasia during JJA and MAM and over Antarctica during
MAM and JJA. As expected from the zonal mean results (Fig. 5), things are quite different at model
level 63 (approx. 857mb), with the increments acting to moisten the atmosphere almost everywhere
over the subtropical oceans during all seasons (Fig. 17). Over land, the increments show a general

tendency to dry the atmosphere, with the main exception being over Eurasia during DJF where there

1/Dispersion of DQDTANA @ z=1
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Figure 16: The model level 72 (approximately 992mb) seasonal mean specific humidity
increments normalized by the standard deviation of the monthly means (1/dispersion). The
results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time
period 1981-2016. Units are dimensionless.
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1/Dispersion of DQDTANA @ Lev=63
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Figure 17: Same as Fig. 16, but at model level 63 (approximately 857mb).

is some tendency to moisten the atmosphere. These results highlight the rather abrupt change in the
vertical structure of the moisture increments over the oceans, characterized by drying in the boundary
layer and moistening just above that (see Fig. 5). This again presumably compensates for
deficiencies in the model’s boundary layer processes over the oceans that result in too little moisture
being transported vertically out of the boundary layer. We note that an abrupt change in the vertical
also occurs over northern South America, though in this case the increments act to moisten the

boundary layer and produce drying just above that.
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We next turn to an assessment of the diurnal cycle of the increments, focusing on DJF and JJA.

¢) The mean diurnal cycle

We focus here on the lowest level of the model where we expect the diurnal cycle of the atmosphere
(and the increments) to be the largest. In order to more easily identify the diurnal cycle, we present
in Figures 18 -21 the diurnal cycle anomalies of u, v, T and q computed for each time of the day
(00z, 06Z, 12Z, 187) as the difference from the time mean fields (the single average of the four
instantaneous 00Z, 06Z, 127, 18Z fields). We should note that, by that definition, the anomalies for

the four times of the day add to zero.

Figure 18 shows the diurnal cycle anomalies for the temperature increments at the lowest model
level for DJF. The anomalies are generally weak over the oceans with however somewhat larger
(0.5°/day — 1 °/day) spatially coherent positive anomalies over the North Pacific at 00Z. The largest
anomalies clearly occur over land, where there is an overall tendency for positive anomalies at 12Z
and negative anomalies at 06Z. The main exceptions are the very large positive anomalies over
southeast Asia at 06Z, balanced by negative anomalies during the other times of the day. Over
Africa, relatively large positive anomalies occur at 12Z. Over northern Eurasia, the relatively large
positive anomalies at 12Z are largely balanced by negative anomalies at 18Z. Also, the large positive
anomalies that occur along the coastal and southern regions of South America at 18Z are largely
balanced by negative anomalies in those regions at 06Z. Over Australia, positive anomalies at 00Z
and 06Z are balanced by negative anomalies at the other times of the day. We note that some of the
timing of the largest positive values of the increments may in part reflect the position of the sun, and
so an analysis based on the local time of day might provide more intuitive results, though we do not

pursue that approach here.
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DJF DTDTANA Diurnal Anomalies @ z=1 (C/day)
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Figure 18: The model level 72 (approximately 992mb) DJF mean temperature increment anomalies
(°C/day) for 00z, 06Z, 12Z and 18Z. The results are from the GEOS S2S V3 AOGCM replayed to
MERRA-2 averaged over the time period 1981-2016.

Figure 19 shows that the diurnal cycle anomalies for the temperature increments at the lowest model
level for JJA are overall similar to those for DJF (Fig. 18). Some notable differences are the spatially
more extensive negative anomalies over Eurasia during 18Z and, over North America, the more
pronounced negative anomalies during 06Z and positive anomalies during 18Z. There are also
somewhat greater positive anomalies over the North Pacific Ocean during 00Z (cf. Figs. 18 and 19)

that are primarily balanced by negative anomalies during 127 and 06Z.
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JUA DTDTANA Diurnal Anomalies @ z=1 (C/day)
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Figure 19: Same as Fig. 18, but for JJA.

Figure 20 shows the diurnal cycle anomalies for the moisture increments at the lowest model level
for DJF. Most striking are the large positive values over northern South America during 00Z, which
are balanced by negative anomalies during 06Z and 12Z. Tropical Africa has large positive values
during 18Z that are balanced by negative anomalies during 00Z and 06Z. The central tropical North
Pacific has a large region of positive anomalies just north of the equator during 12Z that are largely
balanced by negative anomalies during 18Z. Southeast Asia tends to have positive increments

during 00Z and 18Z, with negative increments during the other times of the day.
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DJF DQDTANA Diurnal Anomalies @ z=1 (g/kg/day)
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Figure 20: The model level 72 (approximately 992mb) DJF mean specific humidity increment anomalies
(g/kg/day) for 00z, 06Z, 12Z and 18Z. The results are from the GEOS S2S V3 AOGCM replayed to
MERRA-2 averaged over the time period 1981-2016.

Figure 21 shows that the diurnal cycle anomalies for the moisture increments at the lowest model
level for JJA are substantially different from those for DJF (Fig. 20). Much of the Northern
(summer) Hemisphere land now exhibits a substantial diurnal cycle in the increments (compared
with essentially no diurnal cycle during DJF). Over North America, negative anomalies occur in the

western half and positive anomalies occur in the eastern half during 00Z, with the reverse during
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06Z. The diurnal anomalies over Eurasia show a somewhat complicated structure, with negative
anomalies to the north and positive anomalies to the south during 00Z, and the reverse during 12Z.
06Z and 18Z also show a tendency for opposite anomalies over Eurasia. Over the Pacific Ocean, a
pair of localized anomalies straddle the equator just east of the dateline during 00Z and 12Z, with

corresponding negative anomalies during 06Z and 18Z.
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Figure 21: Same as Fig. 20, but for JJA.
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The diurnal cycle anomalies of the winds over the oceans at the lowest model level are rather noisy,
with no apparent large scale coherent structure (not shown). Over land, we are particularly interested
in assessing the diurnal cycle of the JJA wind increments over the United States and their impacts
on the nocturnal Great Plains low level jet (GPLLJ). Figure 22 shows cross sections at 35°N (the
latitude close to the center of the largest frequency of northerly flow associated with the GPLLJ,

e.g., Helfand and Schubert 1995) of the diurnal cycle of the v-wind increments, with the
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Figure 22: Vertical cross sections (130°W to 60°W, from about 992mb to 500mb) at 35°N of
the JJA v-wind increments (shaded, m/s/day) and v-wind (contoured with dashed contours
indicating negative values, m/s) for a) 00z, b) 06Z, c¢) 12Z and d) 18Z. The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016.
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climatological v-winds (contours) from replay superimposed for each time of day. Here we show the
total diurnal increments (rather than the anomalies) to more clearly show the full impact they have
on the GPLLJ. The GPLLIJ (centered at about 100°W) is quite evident in the v-winds, which are
strongest (> 9 m/sec) during the middle of the night (06Z), peaking at about 960mb (L=69) in the
vertical. The increments are for the most part negative within the domain of the GPLLJ during all
times of the day, indicating that the simulated jet of the free-running model is likely too strong. This

is verified in Fig. 23, which shows that the differences between the GPLLJ in the free running model
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Figure 23: Vertical cross sections (130°W to 60°W, from 1000mb to 500mb, on pressure levels) at 35°N
of the JJA v-wind differences (Base9 minus RPL; shaded, m/s/day) and RPL v-wind (contoured with
dashed contours indicating negative values, m/s) for 00z, 06Z, 12Z and 18Z. The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-2016.
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(Base 9) and that from the replay run are indeed mostly positive in the jet region for all times of the
day. It is only at night (06Z) that the increments act to accelerate the jet, but that occurs only in the
lower right quadrant. This again is consistent with the GPLLJ biases in the free running model, which
are negative in that region (Fig. 23, 062). It is worth noting that the negative increments underneath
the jet maximum extend to the surface, suggesting that there may be insufficient surface friction in

the model.

d) The wind increments viewed in terms of stream function and velocity potential

In order to better highlight the large-scale characteristics of the wind increments, we compute the
stream function and velocity potential of the increments. These transformations effectively apply
spatial filters (via the inverse Laplacian) to the increments allowing us to focus on their large-scale
coherent aspects, in addition to assessing separately their rotational (stream function) and irrotational
(velocity potential) components. We expect the rotational (non-divergent) component of the

increments to be less sensitive to changes in the observing system.

Figure 24 shows the stream function of the seasonal mean wind increments near the surface (lowest
model level), and Figure 25 shows corresponding results for the upper troposphere at 250mb.
Comparing the results at these two levels, it is surprising that the rotational increments appear to
exhibit much greater spatial coherence near the surface than at upper levels. In fact, the surface
rotational increments show hemispheric wide coherence, with generally cyclonic circulation
occurring in both hemispheres. A key exception is over the Tibetan Plateau where the increments
force anticyclonic flow, especially during DJF (Fig. 24). Locally, northeastern South America and
the Intra-Americas Sea regions both show pronounced maxima in cyclonic circulation especially
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during DJF. At 250mb the increment stream function (Fig. 25) is noisier but does exhibit a tendency
for anticyclonic circulation in both hemispheres (so opposite to what was found near the surface,
Fig. 24), though this is more limited to the high latitudes. Notable exceptions are the regions of

cyclonic circulation over northern Africa and the Intra-Americas Sea regions.
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Figure 24: The model level 72 (approximately 992mb) seasonal mean stream function increments. The
results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time period 1981-
2016. Units are 10° m?/s/day.
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D(Psi)DTANA @ 250mb (m*2/s/day)
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Figure 25: Same as Fig. 24, but for 250mb

Figure 26 shows the velocity potential of the seasonal mean wind increments near the surface (lowest
model level), while Figure 27 shows corresponding results for 250mb. In general (during all
seasons), the near surface velocity potential increments tend to have an east-west (roughly zonal
wave number two) structure, while the upper-level fields have more of a north-south structure. As
part of the wave number two structure, the near surface increments in the tropics and subtropics
force divergence over the eastern Pacific, the Intra-Americas Seas, and northwestern South America,

with a tendency for convergence to occur both to the west (much of the western Pacific) and to the
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east (much of the Atlantic) of that. Over much of Eurasia, the maritime continent, and parts of

Africa, the near surface increments produce a tendency for divergence.
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Figure 26: The model level 72 (approximately 992mb) seasonal mean velocity potential increments.
The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 averaged over the time
period 1981-2016. Units are 10° m%/s/day.

At upper levels (Fig. 27), the increments produce a tendency for divergence over much of the tropics
that is roughly coincident with the regions of maximum tropical rainfall during all seasons. This is

consistent with the results shown earlier for the wind increments displayed as wind vectors (Fig. 12).
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During JJA the regions of divergence extend northward to cover much of Eurasia and the United
States. As such, the wind increments are presumably acting to reinforce the rainfall in these regions.
In contrast, the increments produce a tendency for convergence in the extra-tropics of both

hemispheres during all seasons, though this is most pronounced in the NH during DJF.
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Figure 27: Same as Fig. 26 but for 250mb.

We next turn to an assessment of the variability of the wind, temperature and moisture increments.
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3.2 Variability of the increments and impacts of observational inhomogeneities

Following the general approach of Robertson et al. (2011), we employ an empirical orthogonal
function (EOF) analysis of the monthly mean increments to isolate the leading patterns of monthly
variability (based on all months of the year for the time period 1981-2016). Our approach differs
from Robertson et al. (2011) in that we employ a rotated EOF analysis (REOFs, Richman 1986), and
the monthly means are computed separately for each time of the day (00Z, 06Z, 12Z, 18Z): the REOFs
are computed after first removing the monthly climatologies separately for each time of day. Rotation
helps to localize the patterns and removes the restriction of spatial orthogonality. Furthermore, we
present a higher frequency version of the associated time series (the principal components or PCs) by
projecting the 6 hourly increment anomalies onto those monthly REOFs. Here, the 6 hourly
anomalies are computed by subtracting the 6 hourly climatologies. By computing the anomalies in
this way, neither the REOFs nor the PCs contain any information about the systematic components

of the variability (mean seasonal and diurnal cycles) discussed in Section 3.1.

We examine the time variability and spectral make-up of the 6 hourly PCs by employing a wavelet
transform of the PCs (e.g., Meyers et al. 1993, Weng and Lau 1994, Schubert et. al. 1998). The
algorithm employed here is that described in Weng and Lau (1994) and is based upon the complex

Morlet wavelet:

1

Y, ,(0) =a 2 exp (ihlp ?) exp <— =

2

t-b

a

) @

Where Ay = 5.4. Here a (the dilation parameter), and b (the translation parameter) are real and a >

0. As such, the Morlet transform isolates waves that are locally sinusoidal at time = b. In the
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following, we present selected results of either the real part of the transform, which depicts the
phase and intensity of the signal (so those cases where we think knowing the phase of the signal is
helpful for the interpretation of the variability), or the modulus, which gives the energy density (so

those cases where most of the useful information is in the amplitude of the signal).

The wavelet transform, by quantifying the time evolution of the spectral characteristics of the
increments, also affords the opportunity to assess the potential impacts of observational
inhomogeneities. Here we rely on the documentation of the observations assimilated in MERRA-2
provided by McCarty et al. (2016), as well as previous studies addressing the nature of long-term
changes in the behavior of the MERRA-2 analysis increments (e.g., Robertson et al. 2011). We note
several major changes to the observations going into MERRA-2 (McCarty et al. 2016). These include
the introduction of the satellite radiances associated with AMSU A and B on 1 Nov. 1998, the
introduction of AIRS in September of 2002, and the introduction of IASI on 17 September of 2008
(McCarty et al. 2016, Fig. 1). Perhaps the largest change in conventional data was the introduction
and general increase in aircraft reports starting in the middle 1990s (with a sharp jump around 1997,
McCarty et al. 2016, Fig. 2). Also, the amount of various atmospheric wind vector data showed a
general increase starting about 1998 (McCarty et al. 2016, Fig. 3). Various surface wind data were

introduced starting with SSM/I wind speeds in July 9, 1987 (McCarty et al. 2016, Fig. 4).

Keeping the above dates in mind, we begin in Section 3.2a with a focus on the variability of the wind

increments formulated in terms of the stream function and velocity potential (see Section 3.1d). This

is followed in Section 3.2b with a focus on the temperature and moisture increments.
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a) The stream function and velocity potential

As already mentioned in Section 3.1d, the stream function and velocity potential transformations
effectively apply spatial filters to the wind increments allowing us to focus on the large-scale
coherent aspects of the increment variability. Furthermore, since we expect the rotational (non-
divergent/stream function) component of the wind increments to be less sensitive to changes in the
observing system, we will hopefully better isolate those aspects of the increment variability (via the
stream function) that represent real physical dependencies (e.g., links to various physical
phenomena, see Section 3.3) rather than artificial variability tied to the changing observation system,

though as we shall see that is not always the case.

Figure 28 shows the five leading REOFs of the monthly mean stream function increments (and
associated 6 hourly PCs) at the lowest model level. Recall that we combine all months of the year
into the REOF calculation, though we do compute separate monthly means for each time of day.
This is done for simplicity and assumes there is no seasonality in the spatial structures — something
that is unlikely to be strictly true. As such, any seasonality is captured here only in terms of the
time variability tied to the associated PCs. REOF 1 (Fig. 28a left panel) shows what is largely a NH
high latitude zonally symmetric structure with the largest spatial loadings occurring northward of
about 60°N, with weaker loading of opposite sign to the south of that between 0° and 100°E. It

accounts for about 10% of the monthly variance. The associated PC 1 (Fig. 28a, right panel) shows

64



sfc dpsi/dt_ana REOFs & PCs
9) RECF1: 1025
30N - 15

0z 08Z z

; Wﬂ'\j‘i’w\‘f'c‘t,'/\y"\“ﬁ'-.’kf“ﬁ'ﬁJ.\,)ﬁ'.‘.\P‘r" W 'llm's'-’\"ww f .\"'hfﬁ’

) RECF2: 513

BON {agu N o
o pF,

) RECHS: &.1%

e N g

4) RECF4: 4.0%

Wit

0N -

o » c'sqmw%‘mwwm&www»wwﬁw

605 4

€= -1
*a) RECFS: 3.1%

S -

SN 1 N 05 |

o oo ob [ ( vy
ity by e
605 1 gesc

0538 are A an - 1985 1590 1995 2000 2005 2010 2015

§ I S
“hS w4 BB <] BB <R <18 <) O8R5 7 A5 1 25 3 AF 4 Ar

J =

Figure 28: Left panels: the leading REOFs of the model level 72 (approximately 992mb) stream
function increments. Right panels: the associated PCs plotted separately for each time of day. The
REOFs were obtained from monthly anomalies that were computed separately for each time of day:
00z, 06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text
for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

little evidence of a trend or diurnal variability!. This is confirmed by the modulus of the wavelet
decomposition of PC 1 (Fig. 29) which shows very little amplitude at diurnal frequencies, with the

largest amplitudes occurring between synoptic and sub-seasonal time scales (4-64 days). There do

! Recall that we removed the long term mean diurnal cycle (the systematic part) as described
above.
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appear to be certain time periods when the increments achieve especially large amplitude (for
example during the second half of 1996), though there seems to be no clear phase locking of those
episodes with the annual cycle. We will look in more detail at that variability and possible links to

various atmospheric modes of variability in Section 3.3.

The second REOF of the monthly mean stream function increments (Fig. 28b, left panel) accounts
for about 5% of the monthly variance, is largely confined to the NH extratropics, and has a zonal
wave number one structure. The associated PC 2 time series (Fig. 28b, right panel) shows some
dependence of the variability on the time of day. For example, the 12Z values have a relatively large
amplitude and a tendency for positive values prior to about the year 2000. After that they tend to be
negative for about 5 years, after which they trend toward positive values again. The 18Z values
show a long-term increase from generally negative values prior to about 2000, and positive values
after that (roughly opposite to the behavior of the 12Z values). As mentioned above, there is a major
change in the observations around that time (the year 2000) with the introduction of AMSU data on
1 November 1998 (McCarty et al. 2016). Also potentially relevant is the introduction of IASI in of
September of 2008. The modulus the wavelets (Fig. 30) shows a clear signature of diurnal variability
throughout the record as well as longer term variability, some of which is presumably linked to
ENSO (e.g., 1982/83; 1997/98). Much of the variability, however, occurs at sub-seasonal (two week
to two month) time scales. This is episodic but occurs most often during the NH cold season (e.g.,

winter of 2015/16).

The next three REOFs tend to have more localized spatial structures, with REOF 3 (Fig. 28¢) focused

on North America, REOF 4 (Fig. 28d) focused on western South America, and REOF 5 (Fig. 28e)
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having much of the spatial loading concentrated over the North Pacific. We will discuss some of

these modes later in the context of their similarity to the REOFs of the velocity potential increments

Time Series of REOF1 of dpsi/dt_ana @ surface layer: Modulus (crplM2_S25V3)
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Figure 29: The time series of the modulus of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) stream function increments (see text for details). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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Figure 30: Same as Fig. 29, but for PC 2.

and their links to climate variability. We note in particular that REOF 5 has a substantial correlation

with the PNA and that REOF 3 shows some correlation with ENSO (see Section 3.3).

Figure 31 shows the REOFs (left panels) of the monthly mean velocity potential increments at the

model’s lowest level. The corresponding 6 hourly PCs are shown in the right panels. In contrast
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Figure 31: Left panels: the leading REOFs of the model level 72 (approximately 992mb) velocity
potential increments. Right panels: the associated PCs plotted separately for each time of day. The
REOQOFs were obtained from monthly anomalies that were computed separately for each time of day:
00z, 06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text for
details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

with the stream function PCs (Fig 28), we see immediately that the PCs of the velocity potential
generally show much greater long-term variability, including long term changes in the character of
the diurnal variability. REOF 1 (Fig. 31a, left panel, 7% of the variance) is focused on South
America and the neighboring areas of the Pacific and Atlantic Oceans. The corresponding PC has a

rather abrupt change in character around the year 2000, with general positive values (indicating low
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level convergence) prior to 2000, and a trend toward negative values (indicating low level

divergence) beginning after that.

The wavelet modulus (Fig. 32) shows that PC 1 has considerable long term (annual and longer)
variability, though again much of the variability occurs at subseasonal time scales. In addition, there
is considerable diurnal and semi-diurnal variability that appears to have a longer-term envelope
modulating its variability. For example, the second half of the year 2000 has especially strong diurnal
and semi-diurnal variability. It is noteworthy that this REOF is for the most part spatially collocated

with REOF 5 of the stream function (cf. Figs. 31a and 28d, left panels).

REOF 2 (Fig. 31b, left panel) is centered on the eastern equatorial Pacific just east of the dateline.
The corresponding PC values (Fig. 31b, right panel) again exhibit substantially different behavior
before and after the year 2000. In this case the amplitude of the diurnal variability shows a dramatic
increase after 2000, with another rather abrupt change around 2012/2013 (e.g., the 00z and 12Z
values shift from predominately positive values to negative values). These changes are reflected in
the wavelet modulus (Fig. 33) which show a pronounced increase in the diurnal and semi-diurnal

modulus over the 36 years.
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Figure 32: The time series of the modulus of the wavelet decomposition of PC 1 of the model level 72
(approximately 992mb) velocity potential increments (see text for details). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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REOF 3 (Fig. 3lc, left panel) is characterized by a dipole spanning Africa and the maritime

continent, while REOF 4 (Fig. 31d, left panel) straddles the equator (anticyclonic/cyclonic pair) over
the warm pool. The corresponding PCs (right panels) again exhibit rather different behaviors before
and after 2000. PC 4 in particular shows rather different values for 00Z/12Z and 06Z/18Z between

the years 2000 and 2008 — a period roughly bookended by the introduction AMSU (Nov 1998) and

IASI (Sep 2008). Also, PC 3 shows a peculiar positive trend that appears to be primarily associated

with the 6Z values. In contrast, REOF 5 (a largely zonal structure north of about 60N) exhibits a

71



fairly stable time evolution, though it does transition to predominately negative values between 2003

and 2012. Here it is noteworthy that this REOF is for the most part spatially collocated with REOF

1 of the stream function (cf. Figs. 31e and 28a, left panels). We shall see that this structure reappears

in several different variables.
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Figure 33: Same as Fig. 32 except for PC 2.

Overall, the above results show that the leading REOFs of the velocity potential increments at the

lowest model level (with the exception of REOF 5) appear to be substantially impacted by the

changes in the observing system, with the introduction of AMSU A and B (Nov. 1998) and AIRS

(Sep. 2002) again likely playing a key role.
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Figure 34 shows the five leading REOFs of the monthly mean stream function increments (and
associated 6 hourly PCs) at 250mb. With the exception of REOF 3, which has a zonally-symmetric
structure in the north polar region (north of about 60°N) that we’ve already seen several times before,
the leading modes tend to be fairly localized (REOF 1 in the extratropical South Pacific, Fig 34a;
REOF 2 in the North Atlantic, Fig. 34b; REOF 4 in the extratropical South Atlantic, Fig. 34d; REOF
5 in the North Pacific, Fig. 34e). All 5 PC time series (RHS of Fig.34) show substantially different
behaviors for the 4 times of the day. This is shown more clearly in Fig 35 for PC 1, which has the
largest values of the modulus at the semi-diurnal and diurnal time scales, although the strength of
that signal undergoes a gradual transition toward smaller values over the course of the record. The
time series of PC 1 (Fig. 34a, right panel) in fact shows a rather complicated and episodic behavior,
with the late 1980s and the late 1990s showing especially large diurnal signals (see also Fig. 35).
Fig 36 shows that the modulus of PC 2 is also primarily at the semi-diurnal and diurnal time scales,
and there is again a gradual trend toward smaller values at those time scales. PC 3, while again
having variability primarily at the semi-diurnal and diurnal time scales (wavelet modulus not
shown), undergoes a low frequency oscillation of the amplitudes between about 1980 and 1995 with
the 00Z/12Z and the 06/18Z values tending to oppose each other (Fig. 34c, right panel). PC 5 also
shows a reduction in the wavelet modulus of the diurnal cycle after about 2002 (not shown),

something that is readily apparent from Fig. 34e (right panel).
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The above results show that the behavior of the 5 leading 250mb stream function PCs (Fig. 34, right

Figure 34: Left panels: the leading REOFs of the 250mb stream function increments. Right panels:
the associated PCs plotted separately for each time of day. The REOFs were obtained from monthly
anomalies that were computed separately for each time of day: 00z, 06z, 12z and 18z. The PCs were
obtained by projecting the 6-hourly anomalies (obtained by removing separate 6-hourly climatologies
for each time of day) onto the monthly REOFs (see text for details). The results are from the GEOS
S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

panels) is rather complicated with a less clear signature of any abrupt changes in character

occurring around 2000, though there is a general tendency for the differences between the different

times of the day (which are quite pronounced during the first 2 decades) to become smaller during

the last 2 decades or so. PC 5 shows for example an abrupt change to greater agreement in the
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values for the different times of day after around 2002: something that could be tied to the
introduction of AIRS data. It is also possible that the smaller differences between the different
times of day in the more recent decades is linked to changes in the amount of aircraft data going

into MERRA-2 (McCarty et al 2016, Fig. 2), though that certainly requires further investigation.
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Figure 35: The time series of the modulus of the wavelet decomposition of PC 1 of the 250mb stream
function increments (see text for details). The results are from the GEOS S2S V3 AOGCM replayed
to MERRA-2 for 1981-2016.
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Figure 36: Same as Fig. 34 except for PC 2.

Figure 37 (left panels) shows the five leading REOFs of the monthly mean velocity potential
increments (and associated 6 hourly PCs) at 250mb. REOF 1 has a zonal wave two structure
spanning southeast Asia, the maritime continent, and the Pacific Ocean, where it splits into two
anomalies: one in the North Pacific, and one in the South Pacific. REOF 2 has a zonally symmetric
component north of about 60°N similar in structure to what we’ve seen in several previous leading
REOFs (cf. REOF 5 of surface velocity potential, Fig. 31e; REOF 1 of surface stream function, Fig.

28a; REOF 3 of 250 stream function, Fig. 34c) together with an anomaly of opposite sign over the
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Pacific warm pool. REOFs 3-5 (Figs 37c-e, left panels) all have dipole structures spanning various
regions of the eastern hemisphere between 30°E and 180°E. All five PCs (Fig. 37, right panels)
show some evidence of low frequency variations along with episodes of pronounced interannual
variability, especially after 2010, with PC 1 (Fig. 37a, right panel) and PC 3 (Fig. 37c, right panel)

also showing large interannual variations during the 1990s. The modulus of the wavelet of PC 1
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Figure 37: Left panels: the leading REOFs of the 250mb velocity potential increments. Right panels: the
associated PCs plotted separately for each time of day. The REOFs were obtained from monthly anomalies
that were computed separately for each time of day: 00z, 06z, 12z and 18z. The PCs were obtained by
projecting the 6-hourly anomalies (obtained by removing separate 6-hourly climatologies for each time of
day) onto the monthly REOFs (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.
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(Fig. 38) and that of PC 2 (Fig. 39) show pronounced semi-diurnal and diurnal variability throughout
the record together with more episodic periods of variability at synoptic and subseasonal time scales.
PC 3 stands out as exhibiting especially large annual variability, which is most pronounced during
1988-1993 and again (though somewhat weaker) throughout the second half of the 1990s (Fig. 40).
Here we show the real part of the wavelet transform to highlight the phase change in PC 3’s annual

cycle that occurs between these two time periods.

Time Series of REOF1 of 250mb dchi/dt_ana: Modulus (crpIM2_S2SV3)
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Figure 38: The time series of the modulus of the wavelet decomposition of PC 1 of the 250mb
velocity potential increments (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.
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Time Series of REOF2 of 250mb dchi/dt_ana: Modulus (crpIM2_S2SV3)
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Figure 39: Same as Fig. 38 except for PC 2.

All 5 leading 250mb velocity potential PCs (Fig. 37, right panels) show what appear to be changes
in their behavior occurring around 2000, presumably again reflecting the introduction of AMSU and
AIRS data around that time. In the case of PC 1 (Fig. 37a) that year marks the node of what appears
to be a long-term sinusoidal variation in which the values transition from positive to negative. For
PC 2 (Fig. 37b), 2000 marks the beginning of a trend toward more negative values, while for PCs 3
- 5 (Fig. 37c-e), 2000 marks the beginning of a roughly 10-year period of substantially reduced

variability in the increments followed by (at around 2011) much increased annual variability. The
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much-enhanced annual variability during the late 1980s and early 1990s of PC 3 mentioned above

coincides with the period of early NOAA 11 (28 Sep 1988- 04 Dec 1994) MSU/SSU data, though

whether this is connected to the enhanced annual variability remains to be confirmed.

Time Series of REOF3 of 250mb dchi/dt_ana: Real (crpIM2_S2SV3)
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Figure 40: The time series of the real part of the wavelet decomposition of PC 3 of the 250mb velocity
potential increments (see text for details). The results are from the GEOS S2S V3 AOGCM replayed to

MERRA-2 for 1981-2016.
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b) The temperature and moisture

The three leading REOFs of the temperature increments at the lowest model level all tend to have
the largest spatial loadings at high latitudes and near land/sea ice boundaries (Fig.41 a-c). REOF 1,

characterized by a dipole structure, has the largest loadings over the Ross and Weddell Seas and
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Figure 41: Left panels: the REOFs of the model level 72 (approximately 992mb) temperature increments.

Right panels: the associated PCs plotted separately for each time of day. The REOFs were obtained from
monthly anomalies that were computed separately for each time of day: 00z, 06z, 12z and 18z. The PCs
were obtained by projecting the 6-hourly anomalies (obtained by removing separate 6-hourly climatologies
for each time of day) onto the monthly REOFs (see text for details). The results are from the GEOS S2S
V3 AOGCM replayed to MERRA-2 for 1981-2016.
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accounts for 23% of the monthly variance. The associated PC 1 (Fig. 41a, right panel) shows a
pronounced long-term change in both the mean and variance, reflecting to a large extent a 180°
phase shift in the annual cycle that occurs in the early 2000’s (see the real part of the wavelet

transform in Fig. 42), at the same time that there is a minimum in the annual cycle variance.

Time Series of REOF1 of dt/dt_ana @ z72: Real (crpIM2_S2SV3)
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Figure 42: The time series of the real part of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) temperature increments (see text for details). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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The second REOF (Fig. 40b, left panel) has most of the spatial loading located in the middle and
high latitude North Atlantic, encompassing regions that include parts of the Gulf Stream, the North
Atlantic subpolar gyre, and the Greenland Sea. The associated PC 2 (Fig. 40b, right panel) shows a
gradual increase (starting from relatively large magnitude negative values) to generally small
positive values starting at about 1990. This slow change is modulated by an annual cycle which is
largest during the early 1980s, almost disappearing around the year 2000, and then increasing again
after that. These changes in the annual cycle are reflected in the real part of the wavelet
decomposition (Fig. 43) which shows the annual cycle goes through a transition in both intensity

and phase during the mid-1990s.

83



Time Series of REOF2 of dt/dt_ana @ 272: Real (crpIM2_S2SV3) §3" o
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Figure 43: Same as Fig. 42 except for PC 2.

The third REOF (Fig. 41c, left panel) has the largest loadings over the Arctic region. The associated
PC (Fig. 41c, right panel) undergoes a rather pronounced transition around the early 2000s. In the
earlier period, 00z and 12Z tend to be positive and 06Z and 18Z tend to be negative, while the reverse
is true during the later period. These differences in the 00Z/12Z and 06Z/18Z values are reflected
in the modulus of the wavelet decomposition as a pronounced semi-diurnal cycle (Fig. 44) that tends
to have maximum values during the winter season. REOFs 4 and 5 show large loadings confined to

the SH high latitudes along the coast of Antarctica (not shown). Of more interest are REOF 6 (Fig.
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41d), which has maximum loadings over the North Pacific, and REOF 7 (Fig. 41e), which has large
loadings over North America. The former (PC 6) undergoes a transition in the early 2000s and is
especially interesting in that the 00Z and 12Z values tend to be of opposite sign, with the 06Z and
18Z values tending to be somewhere in between. PC 7, rather unexpectedly, has large differences
between the 18Z and 06Z values (and these are in turn different from the 00Z and 12Z values),
suggesting that the temperature observations over North America during those times of day have
substantially different (and inconsistent) values. Exactly why that is the case is unclear since
MERRA-2 does not assimilate 2-m temperature from surface stations over land. Nor does it

assimilate AIRS/AMSU-A TS data (e.g., Hearty et al. 2018).

The long-term behavior of PC 1 (in particular the reduction in amplitude of the annual cycle) again
appears to reflect the introduction of AMSU data in Nov 1998 (McCarty et al. 2016), while the
recovery of the annual cycle (though with opposite sign) coincides with the introduction of the
NOAA MHS (follow-on to AMSU-B) on 1 Nov 2005, though those channels are primarily
sensitive to moisture. Also potentially relevant are the changes in SST and sea ice products used in
MERRA-2 on 1 January 2003 and on 1 April 2006 (Gelaro et. al. 2017, Table 3). The long-term
behavior of PC 2 appears to reflect differences in the observing system during the first 10 years or
so, when the annual cycle is large and the values are primarily negative. The change after the first
decade or so coincides with the introduction of NOAA 11 (MSU) data on 08 Nov 1988. The
00Z/12Z values of PC 7 (main loadings over North America, Fig. 41d) show little evidence of any
pronounced long-term changes in character. There are, however, pronounced differences in the
behavior of the 06Z and 18Z values, in that both appear to undergo a change in predominant sign at

about 1995, with the 06Z values tending to oppose (be of opposite sign to) the 18Z values
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throughout the record. It is noteworthy that 1995 marks the beginning of the introduction of NOAA

14 (MSU and HIRS-2) data.

Time Series of REOF3 of dt/dt_ana @ 272 Modulus (crpIM2 SZSVS)
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Figure 44: The time series of the modulus of the wavelet decomposition of PC 3 of the model level
72 (approximately 992mb) temperature increments (see text for details). The results are from the
GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

Figure 45 (left panels) shows the five leading REOFs of the 250mb temperature increments. These
consist of patterns localized over northeastern Eurasia/Arctic (REOF 1), over North America (REOF
2), over the SH just south of Africa (REOF 3), over the middle and high latitude South Pacific (REOF

4), and over the high latitude South Atlantic/Antarctica (REOF 5). All five again show periods of



pronounced differences in the PC values for the different times of the day during the early period
(roughly prior to and including the year 2000, right panels of Fig 45). For example, the PC 1 values
show especially large differences during the different times of the day during the 1990s (Fig. 45a,

right panel), which are reflected in the wavelet modulus as pronounced semi-diurnal and diurnal
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Figure 45: Left panels: the REOFs of the 250mb temperature increments. Right panels: the
associated PCs plotted separately for each time of day. The REOFs were obtained from monthly
anomalies that were computed separately for each time of day: 00z, 06z, 12z and 18z. The PCs
were obtained by projecting the 6-hourly anomalies (obtained by removing separate 6-hourly
climatologies for each time of day) onto the monthly REOFs (see text for details). The results are
from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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cycles during that time (Fig. 46). In the case of PC 2, the differences are largest through about 1991
(the 00Z/12Z values tend to be negative, and the 06Z/18Z values tend to be positive), after which
the 00Z/12Z values tend to be relatively small but positive, while the 06Z/18Z values tend to be
small but negative, especially after about the year 2000. This is reflected in the wavelet modulus
(Fig. 47) as a pronounced semi-diurnal signal during the 1980s and early 1990s. PC 3 is interesting
in that the semi-diurnal and diurnal cycles tend to be largest during the SH winter (Fig. 48), and it
has an annual cycle (especially in the 12Z values, Fig. 45¢ right panel) that switches sign at about
2000 (real part of the wavelet, not shown). Similarly, PC 4 (wavelet transform not shown) also has

semi-diurnal and diurnal cycles that tend to be largest during the SH winter.

In summary, all five leading PCs of the 250mb temperature increments show a distinct change in
character at about 2001/02, characterized by generally large annual cycles and sharply different
behavior between the 00Z/12Z and 06Z/18Z values in the early period, followed by much reduced
variability during the later period. This transition again roughly corresponds with the introduction
of NASA EOS AMSU-A and AIRS radiance data in September 2002. In the case of PC 2 (Fig.
45b), the pronounced change that occurs at about 1992 appears to coincide with the introduction of

NOAA 12 radiances in 18 August 1991.
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Figure 46: The time series of the modulus of the wavelet decomposition of PC 1 of the 250mb
temperature increments (see text for details). The results are from the GEOS S2S V3 AOGCM
replayed to MERRA-2 for 1981-2016.
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Time Series of REOF2 of dt/dt_ana 0 250mb: Modulus (crpIM2_! SZSVS)
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Figure 47: Same as Fig. 46 except for PC2.
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Figure 48: Same as Fig. 46 except for PC 3.

The five leading PCs of the near surface moisture increments (Fig. 49) all show substantial long-term
and, in some cases, abrupt changes in behavior. PC 1 (Fig. 49a) has the same long-term behavior that
we already saw for the PC 1 of the near surface temperature (a 180° phase shift in the annual cycle
over the Ross and Weddell Seas beginning around 2000, see Fig. 50). As we already noted, the
reduction in amplitude appears to coincide with the introduction of AMSU data in Nov 1998
(McCarty et al. 2016), while the recovery of the annual cycle (though with opposite sign) coincides

with the introduction of the NOAA MHS in Nov 2005. Also, again potentially relevant, are the
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changes in SST and sea ice products used in MERRA-2 on 1 January 2003 and on 1 April 2006

(Gelaro et. al. 2017, Table 3). PC 2 (Fig. 49b, central tropical Pacific dipole straddling the equator)
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Figure 49: Left panels: the REOFs of the model level 72 (approximately 992mb) specific humidity
increments. Right panels: the associated PCs plotted separately for each time of day. The REOFs
were obtained from monthly anomalies that were computed separately for each time of day: 00z,
06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text
for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.

has long term changes as a result of the changes in the 06Z/18Z values (see the semi-diurnal and
diurnal cycles, Fig. 51). That PC has a similar behavior before 1988 and after 2010 with generally

positive values for 06Z/18Z and essentially zero (or slightly negative) values for 00Z/12Z. Possible
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relevant changes in the observations include the introduction of NOAA 11 on 28 Sep 1988 and the
use of SSM/I wind speed during 9 July 1987 — 29 Oct 2013. Between 1997 and 2007 the behavior
of PC 2 is opposite to that of the other periods in that 06Z/18Z values are negative, with slightly
positive values for 00Z/12Z. PC 3 (Fig. 49c, largest loadings in the SH tropical Indian Ocean and
eastern Pacific) exhibits somewhat similar behavior to PC 2 but with opposite sign. PC 4 (Fig. 49d,

largest loadings over South America) exhibits an increase in the annual cycle after about 2007 (here

Time Series of REOF1 of dq/dt_ana @ 2z72: Real (crpIM2_S2SV3)
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Figure 50: The time series of the real part of the wavelet decomposition of PC 1 of the model level
72 (approximately 992mb) specific humidity increments (see text for details). The results are from
the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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we note the introduction of Metop-A data on 21 May 2007). PC 5 (Fig. 49¢, with largest loadings in
the western subtropical regions of the Pacific and Atlantic Oceans) shows the largest differences

between 067/18Z and the 00Z/12Z values between about 2000 and 2008.

Time Series of REOF2 of dq/dt_ana @ z72: Real (crpIM2_S2SV3)
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Figure 51: Same as Fig. 50 except for PC 2.

Figure 52 shows the five leading REOFs of the moisture increments at model level 63. REOF 1 (left
panel of Fig. 52a), with maximum loading in the central tropical Pacific, appears to have pronounced
variability on a wide range of time scales (right panel of Fig. 52a), with little evidence for a substantial

impact on the variability of the associated PC from changes in the observing system. This is clearly
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evident from the real part of the wavelet decomposition in Fig. 53. In fact, as we shall see, PC 1 has
a substantial negative correlation with Nifio3.4 (see Fig. 64h). Similarly, REOF 4, with maximum
loading just to the east of REOF 1, also has pronounced variability at subseasonal and longer time
scales (right panel of Fig. 52d, and Fig. 54). In this case (PC 4), it turns out that the largest (negative)

correlations are with the PDO (see Fig. 64h).
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Figure 52: Left panels: the REOFs of the model level 63 (approximately 857mb) specific humidity
increments. Right panels: the associated PCs plotted separately for each time of day. The REOFs
werel obtained from monthly anomalies that were computed separately for each time of day: 00z,
06z, 12z and 18z. The PCs were obtained by projecting the 6-hourly anomalies (obtained by
removing separate 6-hourly climatologies for each time of day) onto the monthly REOFs (see text
for details). The results are from the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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In contrast, both REOFs 2 (Fig. 52 b) and 3 (Fig. 52 c) show very low frequency changes that are
likely the result of long-term changes in the observing system. Also, the fact that the variability of
REOF 5 (Fig. 52¢) is dominated by the differences between the 06/18Z and the 00Z/12Z values is

almost certainly a reflection of the differences in the observations for the different times of the day.
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Figure 53: The time series of the real part of the wavelet decomposition of PC 1 of the model level
63 (approximately 857mb) specific humidity increments (see text for details). The results are from
the GEOS S2S V3 AOGCM replayed to MERRA-2 for 1981-2016.
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Time Series of REOF4 of dq/dt ana @ z63: Real (crpIM2_ S2SV3)
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Figure 54: Same as Fig. 53 except for PC 4.

3.3 Correlations with atmospheric/oceanic phenomena

In assessing these correlations, we remind the reader that one of our key goals is to extend the TBC
methodology of Chang et al. (2019) by including some type of state-dependence to the correction
terms. This could be done simply, for example, by compositing the increments on specific climate
phenomena (e.g., ENSO) or, more generally, by modeling the time variability of the increments to

include a linear dependence on the state variables (e.g., Chang et al. 2021). In any event, in order to
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justify doing this, we need to be able to show that the increments do indeed have some dependence
on the climate state. To do that we focus next on determining whether the increments show any
dependencies on some of the leading modes of atmospheric and ocean (SST) variability on monthly

time scales.

In particular, we examine the correlations between the monthly mean analysis increments and the
Antarctic Oscillation (AAO), the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO), the
Pacific North American (PNA) pattern, the Pacific Decadal Oscillation (PDO), and the El
Nifio/Southern Oscillation (ENSO; here we use the Nifio3.4 index). The atmospheric indices (AAO,
AO, NAO and PNA) were obtained as the leading REOFs of atmospheric height variability based on
monthly ERAS data from 1981-2016 (the choice of height levels used to compute the REOFs varies,
but it is consistent with those used by NOAA/CPC?, see Figure captions). The PDO was obtained
using the monthly NOAA Extended Reconstructed Sea Surface Temperature (ERSST) data for the

period 1981-2016, and for ENSO, we take NOAA’s monthly Nifio3.4 index>.

We take two different approaches to computing the correlations. First, we simply correlate the above
climate indices with the monthly mean analysis increments over the entire globe to produce spatial
maps of correlations. Second, we produce tables of the correlations between these climate indices
and the leading REOFs of the analysis increments examined previously. The second approach, by
focusing on the leading modes of the analysis increments, is more likely to show little or no linkages
with the climate modes since, as we have seen in the previous section, many of those leading modes

of variability in the analysis increments appear to be linked to changes in the observing system. The

2 https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/history/method.shtml
3 https://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices
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first approach effectively isolates that part of the increment variability linked to those climate modes,
and we can interpret the square of the correlation as the fraction of the monthly mean variability of
the increments explained by the climate modes. In both of the above approaches, we remove the
monthly mean annual cycle before computing the correlations, and we include all months of the year
in computing the correlations. While we have not detrended the increment time series, we shall see
in Figures 55-60 that none of the climate indices show evidence of a trend, and so the correlations

with those indices will not be contaminated by a trend.

We also examine whether the increments show any dependence on the phase of the MJO (Figs. 61-
63). The MJO is isolated using EOFs based on daily MERRA-2 data for the period 1980-2018 and,
in order to more efficiently represent traveling disturbances, they are computed as complex EOFs
(they are also rotated and are hereafter referred to as RCEOFs). Chang et al. (2001) provide details
about the complex EOF calculation. Also, rather than correlations, we employ a compositing
approach (based on the magnitudes of the RCEOFs for period 1981-2016) to quantify the dependence

of the increments on the phase of the MJO.

Figure 55 shows the results for the AAO, which turns out to be the leading REOF of the monthly
700mb height field in the SH (the middle panels show the REOF and the time series of the associated
principal component, or PC, for the period 1981-2016). The top left panels of Fig. 55 show substantial
correlations (absolute values greater than 0.3) with the velocity potential increments south of about
60°S at both the surface (positive values) and 250mb (negative values). Considering the implications
for state-dependent model error, these results indicate that during the positive phase of the AAO, the

model tends to overestimate the 250mb velocity potential anomalies
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Correlations with the AAO
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Figure 55: Middle panels: (a) The Antarctic Oscillation (AAQO) determined here as the first REOF
(22% explained variance) of the SH 700mb mean height using monthly ERAS data for the period
1981-2016, and (b) the associated PC time series. Top left panels: the correlations between the AAO
and a) the 250mb velocity potential increments, and b) the model level 72 (approximately 992mb)
velocity potential increments. Bottom left panels: the correlations between the AAO and a) the
250mb stream function increments, and b) the model level 72 (approximately 992mb) stream function
increments. Top right panels: the correlations between the AAO and a) the model level 63
(approximately 992mb) specific humidity increments, and b) the model level 72 (approximately
992mb) specific increments. Bottom right panels: the correlations between the AAO and a) the
250mb temperature increments, and b) the model level 72 (approximately 992mb) temperature
increments.

south of about 60°S, while near the surface the anomalies tend to be underestimated. Somewhat
weaker correlations also occur with the stream function especially near the surface (bottom left panel

b) extending into the middle latitudes of the SH. Correlations with the q and T increments tend to be
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noisy and weak, with some locally larger positive correlations occurring for q near the surface in the

middle latitudes of the SH (Fig. 55, top right panel b).

Figure 56 shows the results for the AO, which shows up clearly as the leading REOF of the monthly
1000mb height field in the NH (middle panels again show the REOF and the associated PC).

Relatively large correlations (absolute values greater than 0.3) are found in the NH for both the

Correlations with the AO
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Figure 56: Same as Fig. 55 except for the Arctic Oscillation (AO). The AO is determined here as
the first REOF (13.5% explained variance) of the NH 1000mb monthly ERAS height data for the
period 1981-2016.
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velocity potential and stream function near the surface (left panels). In fact, the near surface
correlations show global coherence (extending into the SH) and have zonal wave one structures that
are approximately in quadrature. The correlations with the q and T increments are again weaker and
spatially noisy (right panels of Fig. 56), with the temperature correlations showing some evidence of

coherent correlations north of about 60°N at both the surface and 250mb (lower right panels).

Correlations with the NAO
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Figure 57: Same as Fig. 55 except for the North Atlantic Oscillation (NAO). The NAO is determined
here as the second REOF (7.3% explained variance) of the NH 500mb monthly ERAS5 height data for
the period 1981-2016.
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The NAO is the second leading REOF of the 500mb height field (Figure 57, middle panels) and
shows (not surprisingly) very similar correlations to those for the AO for both the velocity potential
and stream function increments (cf. left panels of Fig. 56 and Fig. 57). Locally the NAO is, however,
more strongly correlated with the T and q increments over the North Atlantic region compared with
those of the AO (right panels of Fig. 57) reflecting the longitudinally more local nature of the NAO
compared with the AO. Those correlations tend to have a north/south structure and be out of phase

between the surface and 250mb for both the temperature and moisture.

We also find substantial correlations between the PNA (Fig. 58, the fourth REOF of the 500mb
height) and both the velocity potential and stream function increments (left panels). The largest and
spatially most coherent correlations again tend to be with the near surface increments, and in this case
occur over the North Pacific. For the moisture increments, the largest correlations occur near the
surface over the North Pacific (showing a banded north/south structure), while for the temperature
increments the 250mb level shows generally positive correlations throughout the North Pacific with

weaker positive correlations extending into the tropics.

Turning next to the possible connections with ENSO, we show in Figure 59 the correlations of the
increments with the monthly Nifio3.4 index. In order to aid in the interpretation of those results, we
show in the center panel the correlation of Nifio3.4 with SST everywhere. Those show the well-
known structure of ENSO SST variability in the Pacific, as well as the global reach of ENSO (via

atmospheric teleconnections) into the other ocean basins. The upper left panels of Fig. 59 show what
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Correlations with the PNA
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Figure 58: Same as Fig. 55 except for the Pacific/North American (PNA) pattern. The PNA is
determined here as the fourth REOF (5.4% explained variance) of the NH 500mb monthly ERAS height
data for the period 1981-2016.

appear to be coherent global wave-like structures in the increment velocity potential field correlations
suggesting that they are contributing to the model’s global ENSO response. The connections with
the increment stream function are especially coherent at the surface (lower left panel of Fig. 59)
showing generally positive correlations in the SH and negative correlations in the NH — these are
especially pronounced over Indonesia, the tropical eastern Pacific, and over northern South America

suggestive of local stream function responses to forcing in those regions. The correlations with
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moisture and temperature (right panels) show some of the strongest correlations we’ve seen so far
(compared with the other modes), especially over the tropical Pacific (note that here we’ve changed
the contour interval to accommodate that). In the case of moisture (upper right panels), the
correlations are out of phase between the surface and L=63 (roughly 857 mb) throughout much of the
tropics. At the surface the correlations with the moisture increments are the largest positive at the
transition between the ENSO cold and warm anomalies just west of the dateline, while at L=63 they
are the most negative slightly to the east of the dateline. The correlations with the temperature
increments (lower right panels) show that the increments at 250mb are largely in phase with the SST
variations, with the largest positive correlations in the tropics situated over the largest positive SST
correlations (cf. middle panel with panel a of lower right). At the surface (panel b of lower right), the
tropical temperature correlations are largely out of phase with those of the surface moisture
increments (panel b of top right). The fact that the temperature correlations near the surface (panel b
of lower right) tend to be negative throughout much of the central tropical Pacific suggests that the

model may be overestimating the SST anomalies associated with ENSO.
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Correlations with the Nifo3.4
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Figure 59: Same as Fig. 55 except for the Nifio3.4 index. Here, the top middle panel shows the
correlations between the Nino3.4 index and SST globally, and the bottom middle panel shows the
time series of the Nifio3.4 index for the period 1981-2016.

We next examine possible links to longer term (decadal) SST variability as reflected in the PDO
(Fig. 60), recognizing that we are limited in this assessment by the shortness of our data record (we
compute the REOFs using the NOAA Extended Reconstructed SST for the period 1981-2016). The
PDO is isolated as the third REOF of the monthly SST (middle panel of Fig. 60), showing the
typical structure of the PDO in the North Pacific. It should be noted that there is a well-known
dependence of the structure of the PDO (reflecting uncertainties in the extent of a tropical

connection and possible links to ENSO) on the domain and method for extracting the PDO signal
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(e.g., Newman et al. 2016), but clearly our analysis here has the PDO as primarily an extratropical

signal with substantial decadal-scale variability. Despite the largely extratropical signal of the PDO,

Correlations with the PDO
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Figure 60: Same as Fig. 55 except for the PDO index. The PDO is determined here as the third
REOF (6.4% explained variance) of the monthly NOAA Extended Reconstructed Sea Surface
Temperature (ERSST) data for the period 1981-2016.

we do find substantial similarities with the Nifio3.4 correlations for the wind increments (cf. left
panels of Figs 59 and 60), especially at the surface (L=72) for the velocity potential fields. As such,

it is not clear that the links to the PDO are providing substantially different linkages with the
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increments that are independent of the links to ENSO. This may be in part due to the shortness of

our data record.

Returning to shorter (subseasonal) time scales, we next look at the potential impacts of the MJO on

the analysis increments (Figs. 61-63). Given the wave-like behavior of the MJO, we take a

RCEOFs of 250mb
RCEOF 1 (35%) RCEOF 2 (17%)
<D @' (1) @@\
ph) . SR ARNIAN Y
Iy LV AINE
\ { ' (i \ \
o @j / '.,\ )

-

//

N\ ©

J |

WOLCE

of

pis 3 18 'Xw e : 0 1208 L e e ¢

0 S "XE W "Xw W - S
T e —

“1516-14-12 <1 ~08-06-04-020204 0608 1 12141818

Figure 61: The Madden-Julian Oscillation (MJO) as determined from the first two rotated complex
EOFs (RCEOFs) of the daily filtered (time scales longer than 10 days) 250mb velocity potential field
computed from MERRA-2 data for the period 1980-2018. The first RCEOF explains 35% of the
variance while the second explains 17% of the variance. The different panels indicate the different
phases of the waves as they complete a circuit of the globe. See text for details.

compositing approach (rather than correlations with a single index) to assess the extent to which the

analysis increments depend on the different phases of the MJO. As mentioned above, here we
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employ a rotated complex EOF (RCEOF) decomposition of the daily velocity potential to better
isolate the wave-like behavior of the MJO. Figure 61 shows that the first RCEOF captures about
35% of the daily low-pass filtered (time scales longer than about 10 days*) 250mb velocity potential
variability, while the second adds another 17%. The first describes a large-scale eastward
propagating wave (zonal wave number 1) characteristic of the MJO, while the second describes a
roughly zonal wave number 2 disturbance that appears to reflect the more localized component of
the MJO over the Indian Ocean and Pacific warm pool regions — with the latter being a region
where the MJO tends to interact most strongly with convection. As such, both modes are

apparently necessary to fully capture the behavior of the MJO.

We examine the impacts of the MJO by compositing those time periods when the amplitude of the
first or second RCEOF (that is, the associated complex principal component, or PC) exceeds 1
standard deviation. We focus here on the potential impacts on the moisture increments. The left
panels of Fig. 62 show the composite moisture increments at level 63, while the right panels show
the near surface (L=72) moisture composites for RCEOF 1. While the composite increments are
somewhat noisy, they do show some interesting structures. In particular, we see that at phase -45°
the increments are adding moisture at level 63 (left column, four panels down) at the trailing edge
of the region of large-scale sinking motion (as implied by the positive velocity potential anomalies)
near the dateline, while they are removing moisture near the surface (level 72, right column, four
panels down). This suggests the model is deficient in moving moisture out of the boundary layer at
the leading edge of the active phase (the rising motion, as implied by the negative velocity potential

anomalies) of the MJO — moisture the MJO presumably needs to advance the area of rising motion

4 https://atmos.uw.edu/wallace/PDFs/Observations%200f%20low-frequency%?20atmospheric%20variability.pdf
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(negative velocity potential anomalies) eastward (a priming mechanism). Essentially the opposite

occurs at a phase of 135° (180° out of phase).
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Figure 62. Composites associated with RCEOF 1 (contours) of the specific humidity increments at
model level 63 (approximately 857mb, left panels) and those at model level 72 (approximately 992mb,
right panels). The composites are based on those time periods when the associated complex PC 1 has
magnitudes exceeding 1 standard deviation during 1981-2016.

In the case of REOF 2 (Fig. 63), a key feature appears to be the removal of moisture above the

boundary layer at level 63 (left column, first panel) and addition of moisture near the surface (level
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72, right column, first panel) at the trailing edge of the rising motion (-180° phase) as the active
region of the MJO moves away from the warm pool region. Roughly the opposite occurs at °0 phase
(adding moisture above the boundary layer and removing moisture near the surface). This suggests
that the active phase of the MJO near the dateline removes too little moisture from above the boundary

layer and takes too much moisture out of the boundary layer.
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Figure 63. Same as Fig. 62 except for RCEOF 2.
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Next, we turn to our second approach to addressing the links to the various climate modes, by
correlating them directly with the leading REOFs (the associated monthly mean PCs) of the analysis
increments discussed earlier. As mentioned earlier, this approach is more likely to show little or no
linkages with the climate modes since many of those leading modes of variability in the analysis
increments appear to be linked to changes in the observing system. This is borne out in Figure 64,
where we present the correlations between the seven leading REOFs (the monthly averaged PCs) of
the analysis increments and the monthly indices of the various climate modes. The correlations with
absolute value greater than 0.19 (highlighted in red) are significant at the 1% level based on a t-test

assuming roughly 200 degrees of freedom®.

Immediately apparent is the general absence of significant correlations for the specific humidity and
temperature increment PCs (right panels of Fig. 64). As we have seen, the variability of many of
these PCs appears to be substantially impacted by changes in the observing system (see e.g., Fig. 41
for the temperature increments at model level 72 and Fig. 49 for the specific humidity increments at
model level 72). There does appear to be a significant correlation (-.59) between REOF 1 (PC 1) of
the specific humidity at model level 63 (see Fig. 52a) and Nifio3.4. This REOF has most of the
inspection of the time series in the right panel of Fig. 52a). As such, a connection between this PC

and Nifio3.4 is perhaps not surprising.

In contrast, the stream function and velocity potential increment REOFs (left panels of Fig. 64) have
substantially more significant correlations, especially for the stream function REOFs at model level

72 (Fig. 64a). As we have seen, the PCs associated with these REOFs seem to be less impacted by

> While there are (12X36 = 420) months that are used to compute the correlations, we assume a reduced number of
degrees of freedom (200) in the t-test to roughly account for serial correlation, though this is almost certainly still an
overestimate in the degrees of freedom for the PDO and Nifio3.4.
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Figure 64: The correlations between the monthly averaged PCs associated with the seven leading REOFs
of the analysis increments and the monthly indices of the various climate modes (AO, AAO, PNA, AAO,
PDO, and Nifio3.4) for: a) the stream function increments at model level 72, b) the stream function
increments at 250mb, c) the velocity potential increments at model level 72, d) the velocity potential
increments at 250mb, e) the temperature increments at model level 72, f) the temperature increments at
250mb, g) the specific humidity increments at model level 72, h) the specific humidity increments at model
level 63. Correlations with absolute values greater than 0.19 are significant at the 1% level (highlighted in
red). See text for details.

observational discontinuities (see Fig. 28). We point out in particular the significant correlations
between both PC 1 and 2 of the stream function increments at model level 72 and the AO and NAO

climate modes. Recall that REOF 1 has a clear AO-like spatial structure (Fig. 26a), while REOF 2
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has substantial spatial loadings over the North Atlantic and Europe (Fig. 26b), and as such, the
connections with the AO and NAO are not unexpected. The largest correlation, however, occurs
between PC 5 (0.58) and the PNA (Fig. 64a): the stream function REOF 5 (Fig. 28e) has the largest
spatial loadings over the North Pacific, so again, that correlation is not surprising. It is also
noteworthy that PC 6 and PC 7 show significant correlations with Nifio3.4 and the PDO. Those
REOFs (6 and 7, not shown) have the largest spatial loadings over the middle latitude South Pacific

and northeastern South America/western South Atlantic, respectively.

At 250mb, REOFs 2, 4 and 5 of the stream function REOFs have some of the strongest correlations
with the PDO (Fig. 64b). This is not surprising for REOF 5, which has the maximum spatial
loadings concentrated over the North Pacific (Fig. 34e), but it is rather surprising for REOFs 2 (Fig.
34b) and 4 (Fig. 34d), which have the maximum loadings over the North Atlantic and South
Atlantic, respectively. The results for all three of these PCs must, however, be viewed with some
caution, given that these PCs appear to be substantially impacted by the changes in the observing
system (Fig. 34). In the case of the 250mb velocity potential increments (Fig. 64d), the only
apparent significant correlations occur with the PDO (PC 1 and PC 2) and Nifio3.4 (PC 4), though it
is again questionable that they are really significant given the substantial impact on the variability
of these PCs from the observing system changes (Fig. 37). Also, as we noted earlier, the degrees of
freedom used to assess the significance of the correlations is very likely overestimated for both

Nifio3.4 and (especially) the PDO.
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3.4 A more direct link between increments and model errors

Here we examine whether it is possible to identify particular structural deficiencies in the GEOS
model formulation based on a more careful (objective) assessment of what the variability of the
increments can tell us about model error. We do this within a linear dynamical framework that is

assumed to be a rough approximation of the GEOS model. In particular, we assume that the GEOS

model forecast (}_7) ) at time n can be written as a linear propagator (U) acting on the analysis (/T) at

time n-1. As such®,

ﬁn ES UA)n—l' (5)

Then

and

We now have a corrected forecast model

Gn = VA, 1, (6)

where the new propagator (an updated model with a state dependent correction) is

V=U+ QA5 )50, (7)

In the above, /Tn is the analysis at time n (n-1 is 6 hours earlier). ﬁn (E)n) is the original (corrected)

forecast valid at time n, and Zn is a vector of the analysis increments at time n. /T, Aand F (and E}))

® We also assume that the equations are formulated for the anomalies with respect to some long-term climatology.
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are vectors of length p (in general the dimension of the model consisting of, for example, all grid
points and state variables of the model), while U and V are pxp square matrices. The angle brackets
are time averages and X, is the pxp analysis covariance matrix. As such, the new model operator V
involves a correction to U (the uncorrected model) consisting of the covariance between the
increments and the previous analysis. Note that if the increments are random in the sense that they
are uncorrelated with the previous analysis, there is no correction and V = U. The hope is that we

can learn something about any model structural errors from an inspection of

(BnAf 1) 27" ®)

We note that including such a correction term (8) is essentially equivalent to modeling the increments

to include a linear state dependent term (e.g., Chang et al. 2021).

In order to reduce the degrees of freedom and thereby improving the statistical robustness of the
estimates of (8), we can first do an expansion in empirical orthogonal functions (EOFs). In particular,
we expand all quantities in the EOFs of the analysis (A). Then

I =ET,'E",
where E is the matrix of eigenvectors of 4, and Iy is a diagonal matrix of the eigenvalues. Expanding

the increments and analyses in the eigenvectors of A4, e,

A= 3;d; e,
and
A= Y.g e.
Then
(Bpl V27" = (2.8 (dig)e; ef ) (ETTET).  (9)
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In this way, by appropriately truncating the EOF expansion in (9), we can produce estimates with far
fewer degrees of freedom than that contained in the full matrix (8) and therefore hopefully produce

statistically more robust estimates.

However, at this stage rather than attempting to actually compute (8), or an EOF truncated version
(9), we present here some preliminary results consisting simply of the spatial distribution of the lag
correlations in order to get some idea of what (8) is telling us about model error. This is roughly
equivalent to computing the diagonal elements of (8), normalized to produce a correlation (see
below). In light of the pronounced semi-diurnal and diurnal variability of the increments resulting
from the different types of observations entering the MERRA-2 analysis at different times of the day
(see Section 3.2), we focus here on 1-day lags (rather than 6-hour lags). We however do include all
times of the day (00z, 06z, 12z, 18z) in the calculations. In particular, we compute the lag correlation

(for say temperature, T) at times n and n-1 (days) as

rr(lag 1) = (AT, To-1)/ ((ATEXTE N2, (10)

Here, all quantities are deviations from a mean annual cycle (computed for each time of day), and the
angle brackets again denote a time average. To help interpret the correlations, we can think of a local

version of (7) such that:

(Apap_q) _ OA

Pra=. (11)

0'3 Oa

Here all quantities are now scalars (a is the analysis at a single grid point, A is the increment at that

same point). Also, pp, is the correlation between the increment and the analysis one day earlier, and
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o, and g,are the standard deviations of the increment and analysis, respectively. Then the solution

to a univariate version of (7) is simply

an =v"ag = (U+paaz)"a- (12)

Assuming a stable (non-oscillating, damped) solution (0<u<1), a positive correlation will tend to

increase the decay time, while negative correlations would tend to decrease it. In fact, the correction

to u (Paa %) could produce an unstable solution (v>1). This highlights a potential problem with

actually implementing something like (8) as a correction to the GEOS model, in that sampling errors

could lead to unstable solutions.

Figure 65 shows, for example, the correlations (11) for the temperature at the model’s lowest level
(L=72, roughly 992mb). We see that, throughout the year, the correlations tend to be negative over
the oceans, while they tend to be positive over NH land (Fig. 65¢). The positive correlations over
NH land (Eurasia and North America) appear to reflect primarily the cold season correlations (DJF,
Fig.65b). The tropical eastern Pacific shows an interesting north/south structure in the correlations
that is especially pronounced during JJA (Fig. 65a) with positive correlations on and south of the
equator and negative correlations just to the north. DJF also shows substantial negative correlations
over northern South America (Fig. 65b). A possible interpretation (see above local analysis) of the
negative correlations over the ocean is that the model tends to respond too strongly to the SST by not
sufficiently damping the near surface temperature anomalies. This is, however, not the case in the
eastern tropical Pacific cold tongue, on and just south of the equator, where the correlations tend to
be positive, especially during JJA, Fig. 65a). The correlations also tend to be positive over the NH

land during DJF (Fig. 65b) and over Australia and southern South America during JJA (Fig. 65a),
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indicating that the model is predicting fluctuations with too short time scales over cold-season land

arcas.
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Figure 65: The correlations between the increments of the temperature at the lowest
model level (L=72) at time (#) and the corresponding temperature field one day earlier
[corr(AT,,, T,,—1)] for a) JJA, b) DJF, and ¢) Annual. The calculation of the 1-day lag
correlations includes all times of the day (00z, 06z, 12z and 18z). See text for details.
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Figures 66 and 67 show the correlations for the specific humidity at model levels 72 (approx.
992mb) and 63 (approx. 857mb), respectively. The correlations tend to be somewhat smaller
compared with those for the temperature (Fig. 65), but they are nevertheless spatially extensive with
generally positive correlations over the tropical and subtropical oceans at level 72 (Fig. 66), and
generally negative values over those regions at model level 63 (Fig. 67). As such, the correction (8)
would act extend moisture fluctuations near the surface and shorten fluctuations above the
boundary layer. Over land, the largest correlations occur at model level 72 (Fig. 66), with positive
correlations tending to occur during the warm season (Fig. 66a) in both hemispheres (e.g., northern
Eurasia, North America and Australia). DJF (Fig. 66b) is marked by extensive regions of negative
correlations over southern Eurasia, western North America, Greenland, South America, and much

of the SH high latitudes.

The implications of the above correlations for model deficiencies are of course only suggestive, and
it is likely that additional, more targeted simulations in which we actually try to implement such
corrections in the GEOS model would be necessary to achieve a greater understanding of those
deficiencies. As such, our analysis can at best point developers in the right direction by identifying

those regions of the world (and those physical processes) that require their attention.
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Figure 66: The correlations between the increments of the specific humidity at the
lowest model level (L=72) at time (n) and the corresponding specific humidity field
one day earlier [corr(Aq,,, q,—1)] for a) JJA, b) DJF, and ¢) Annual. The calculation
of the 1-day lag correlations includes all times of the day (00z, 06z, 12z and 18z). See
text for details.
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One day lag correlations for q (L=63)
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Figure 67: The correlations between the increments of the specific humidity at model level
63 at time (n) and the corresponding specific humidity field one day earlier [corr(Aq,,,
gn—1)] for a) JJA, b) DJF, and c¢) Annual. The calculation of the 1-day lag correlations
includes all times of the day (00z, 06z, 12z and 18z). See text for details.
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4. Concluding Remarks

This report provides a comprehensive assessment of the analysis increments obtained by replaying
the GEOS S2S-3 coupled model to MERRA-2 for the period 1981-2016. The results are intended to
help isolate and understand 1) model deficiencies, 2) the impact on the increments from changes in
the observing system, and 3) any state-dependence of the increments including potential links to some
of the leading modes of climate variability. A key overarching goal is to determine the feasibility of
extending the tendency bias correction methodology of Chang et al (2019) to include some type of
state-dependence, thereby improving model forecast skill. Addressing model deficiencies within a
replay framework benefits from the fact that we are examining errors very early in the course of a
forecast (the first 6 hours) when their growth is presumably linear, so that we can hope to identify
model deficiencies at the process level. This differs from the usual assessment of model climate

biases, which reflect the statistically-stationary end-state of non-linear model error growth.

It is hoped that this report provides a template for routine model evaluation, especially as each new
major version of the model is “frozen” and the focus turns to correcting existing deficiencies and
developing the next version of the model. While the focus here is on the atmosphere (we are replaying
to an atmospheric reanalysis), our approach could in principle be extended to also replaying the ocean
- something we hope to do in the future once the GMAO transitions to a fully coupled reanalysis

system.

Focusing first on model errors, we have shown that in some cases the improved input to the model’s

physical parameterizations (from replay) appears to produce improvements to the model’s physical
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forcing — we refer to this as correcting non-structural errors. As an example, we show how the split
ITCZ of the free-running coupled model, as reflected in the model’s moist heating profile, is corrected
in replay mode. We contrast that with structural model deficiencies that are reflected in the time
mean increments. These are deficiencies that remain even after the parameterizations are provided
with improved input from replay. This could be something as simple as having insufficient resolution
and/or incorrectly tuned parameterizations, or something more difficult to correct involving missing
real-world physical processes. An example of a structural deficiency involves the upper tropospheric
tropical time mean temperature increments which are consistently (during all seasons) positive,
thereby presumably acting to correct for insufficiently deep tropical convection. As another example,
we show some dependence of the time mean increments on the phase of the MJO, thereby providing

some insight into how we might improve its simulation.

Turning to the observations, we have shown that the increments are indeed impacted by changes in
the observing system. At the longest time scales (annual to decadal), this is especially evident for the
near surface temperature and moisture increments at the ice margins of the high-latitude SH,
apparently reflecting the different boundary forcings (sea ice and SST) used in MERRA-2. Overall,
the introduction of AMSU and AIRS data tends to introduce a marked change in the character of
many of the increments around the year 2000 (+/- 2 years). However, a substantial impact of the
inhomogeneities in the observing system occurs at semi-diurnal and diurnal time scales, reflecting

the different observational types entering the analysis at the different times of the day.

We have shown that, despite the spurious variability in the increments from the changing observing

system, there are substantial links between the increments and climate variability on monthly time
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scales. This includes links to the AO, NAO, PNA and ENSO. Some of the strongest correlations
occur between Niflo3.4 and tropical moisture and temperature increments, providing some of the best
evidence that we should be able to introduce some kind of state dependence (based on ENSO) to the

bias correction methodology.

We have also examined, within a linear framework, whether we can provide a more direct link
between the increment variability and model deficiencies. The basic results of that analysis indicate
that, to the extent that there is a correlation between the increments and the initial state, we can
introduce a correction to the linear propagator (assumed in our analysis to represent the GEOS
model). A preliminary assessment of those correlations for near surface temperature and moisture
suggests that the model tends to produce near surface fluctuations that have excessively long time

scales over the ocean and excessively short time scales over land areas during the cold season.

As a final note, it is important to be clear that the above state-dependent corrections are explicitly
geared to improving the model’s variability (versus bias correction, which was the focus of our earlier
studies: Chang et al. 2019; Chang et al. 2021). Improving our understanding of what controls a
model’s variability is almost certainly more difficult to achieve than improving our understanding of
the causes of model bias, which is in itself a difficult problem. The hope is that in addition to having
a diagnostic value (learning something about model error), we can implement such corrections (as
suggested by eq. 7 and/or by including an explicit dependence of the increments on particular climate
phenomena) in the GEOS model and, as such, provide some improvement in the model’s forecast

skill (one of our key stated goals). Given the potential for introducing sampling errors that can result
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in unwanted model behavior (e.g., unstable solutions, as discussed in Section 3.4), it is clear that

implementing such corrections will require great care to suppress such sampling errors.

126



Acknowledgements and Data Availability

This study was supported by NASA MAP funding under NNG17HPO1C and WBS
802678.02.17.01.33. MERRA-2 data were developed by the Global Modeling and Assimilation
Office (GMAO) at NASA GSFC under funding by the NASA MAP program and disseminated
through the Goddard Earth Science Data and Information Services Center (GES DISC). The data

are available at https://disc.gsfc.nasa.gov/. The file specifications for the MERRA-2 output are

documented in Bosilovich (2015). The GEOS coupled model replay experiment was produced by

the GMAO. Output from the replay simulations is available by request.

127



Appendix: Additional Diagnostics

While our focus in this report is on the atmospheric increments, we provide here a few additional
diagnostic fields that serve to highlight the quality of the replayed climate, focusing in particular on
the precipitation and on surface and near surface fields over the ocean, and how these compare with

the results from the free-running model (Base 9).

Figure A1 shows the seasonal mean precipitation from replay and from the free running (Base 9)
model. What is most apparent is the tendency for Base 9 (bottom panels) to produce too much
precipitation in the tropics, especially in the Pacific just north and just south of the equator, thereby
contributing to the well-known problem of coupled models tending to produce a split or double
ITCZ. This problem is much reduced in the replay run (top panels). Base 9 also produces too little
precipitation over much of the maritime continent and southeast Asia, especially during MAM and
JJA (bottom right panels). During JJA, this dry bias extends to the northeast such that the Indian
subcontinent experiences little if any monsoon rainfall in the free-running model. These dry biases

(during MAM and JJA) are essentially eliminated in the replay run (top right panels).

The left set of panels of Figure A2 show the SST bias from replay and from the free running (Base
9) model. While Base 9 is a major improvement over the previous version of the model (S2S-V2,
see Molod et al. 2020) it nevertheless does have some warm SST biases (generally less than 1°C) in
the tropics and subtropics, and especially large warm biases in the middle and high latitudes of the
SH during DJF and MAM. There is also a tendency for negative biases in the NH extratropics. All
these biases are reduced if not eliminated in the replay run. The right panels of Figure A2 show the
surface latent heat flux bias (with respect to MERRA-2) from replay and from the free running

(Base 9) model. The replay run shows overall reduced biases. For example, the relatively large
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positive biases in the Indian Ocean (extending eastward into the maritime continent) during DJF
and SON in Base 9 are largely eliminated in the replay run. There are however a few places where
the biases have increased in the replay run. These include the negative biases over much of
northern South America and equatorial Africa, and the positive biases in the NH storm tracks

during DJF and MAM.

crpM2_S25V3: Precip (mm/doy) crplM2_S25V3 — NERRA-2(prectotcorr): Precip (mm/doy)

=y

1
=35 =3 =25 =2 =18 =1 ~06-04-02 02 04 06 1 15 2 285 3 35

Bose_9 — MERRA-2(prectotcorr): Precip (mm/day)

Figure A1: Left set of panels: The seasonal mean precipitation from the replay run (top panels)

and the free running model (bottom panels). Right set of panels: the same as left but for the
differences with respect to the MERRA-2 corrected precipitation. Units: mm/day.
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Figure A2: Left set of panels: The seasonal mean SST bias with respect to Reynolds for the replay run
(first column) and the free running model (second column). Units: °C.  Right set of panels: The
seasonal mean surface latent energy flux bias with respect to MERRA-2 for the replay run (third
column) and the free running model (fourth column). Units: W/m?.
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