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List of Tables and Figures 

Table 1. A summary of the AGCM experiments. See Fig. 2 for definitions of the regions.  The AGCM 

is the MERRA-2 version of the model.  For some of the results shown in Section 3.4, however, the 

experiments were repeated using a more recent version of the model for the period 1981-2016 (see text 

for details).  

Table 2. The bias correction for the M2_AGCM for the 250mb u-wind in the NM region for TBC 

applied in the NM region (second column) and the contributions from the NM
2
 (third column), NM

4

(fourth column), and NM
5
 (fifth column), subregions, as well as the sum of the corrections from all

6 NM subregions (last column).  The results show the decomposition of the inner product (in black, 

as a percent) in terms of an amplitude ratio (in blue, as a percent) and spatial similarity (in red) as 

defined by the RHS of equation 3 in the text. For the values to the left of the dashed lines, the biases 

are computed with respect to MERRA-2, and the values to the right of the dashed lines are the same 

except that the biases are computed with respect to ERA-5.  See Fig. 2 for the definitions of the 

regions. 

Table 3. The bias correction for the M2_AGCM for T2m in the NM region for TBC applied in the 

NM region (second column) and the contributions from the NM
2
 (third column), NM

4
 (fourth

column), and NM
5
 (fifth column), subregions, as well as the sum of the corrections from all 6 NM

subregions (last column).  The results show the decomposition of the inner product (in black, as a 

percent) in terms of an amplitude ratio (in blue, as a percent) and spatial similarity (in red) as defined 

by the RHS of equation 3 in the text. For the values to the left of the dashed lines, the biases are 

computed with respect to MERRA-2, and the values to the right of the dashed lines are the same 

except that the biases are computed with respect to ERA-5.  See Fig. 2 for the definitions of the 

regions. 
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Table 4. The bias correction for the M2_AGCM for precipitation in the NM region for TBC applied 

in the NM region (second column) and the contributions from the NM
2
 (third column), NM

4
 (fourth

column), and NM
5
 (fifth column), subregions, as well as the sum of the corrections from all 6 NM

subregions (last column).  The results show the decomposition of the inner product (in black, as a 

percent) in terms of an amplitude ratio (in blue, as a percent) and spatial similarity (in red) as defined 

by the RHS of equation 3 in the text. For the values to the left of the dashed lines, the biases are 

computed with respect to MERRA-2, and the values to the right of the dashed lines are the same 

except that the biases are computed with respect to ERA-5.  See Fig. 2 for the definitions of the 

regions 

Figure 1:  A schematic of the model’s climate drift.  Here F is the forecast, O is the corresponding 

observational value, and the overbar denotes an average over a large number of forecasts.  The 

example is for a positive model bias. 

Figure 2: The 17 regions in which TBC was applied (see Table 1).  The heavy black box outlines the 

NM region (a key focus of this study). 

Figure 3: Results for the 250mb u-wind for each season.  The left panels are the negative of the bias 

(MERRA-2 minus CNTRL) and the right panels are the impact of the TBC (TBC_GLOBAL minus 

CNTRL).  Values are averaged over the period 1980-2017.  Units are m/s. 

Figure 4: Top panels: The contributions for each season to the global TBC impacts on the 250mb u-

wind in the NM region from TBC in each of the zonal band subregions (NP, NM, TR, SM, SP).  The 

last bar in each plot is the sum of the contributions from each zonal band.  Bottom panels: The 

contributions for each season to the NM TBC impacts in the NM region from each subregion of NM 

(NM1, NM2, NM3, NM4, NM5, NM6). The last bar in each plot is the sum of the contributions from 

each subregion of NM.  The values are the normalized inner products (I) as defined in eq. 3 of the 

text.  See Table 1 and Figure 2 for the definitions of the regions. 

Figure 5: Results for T2m for each season.  The left panels are negative of the bias (MERRA-2 - 

CNTRL) and the right panels are the impact of the TBC (TBC_GLOBAL minus CNTRL).  Values 

are averaged over the period 1980-2017.  Units are °C. 
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Figure 6: Top panels: The contributions for each season to the global TBC impacts on T2m in the 

NM region from TBC in each of the zonal band subregions (NP, NM, TR, SM, SP).  The last bar in 

each plot is the sum of the contributions from each zonal band.  Bottom panels: The contributions for 

each season to the NM TBC impacts in the NM region from each subregion of NM (NM1, NM2, NM3, 

NM4, NM5, NM6). The last bar in each plot is the sum of the contributions from each subregion of 

NM.  The values are the normalized inner products as defined in eq. 3 of the text.  See Figure 2 for 

the definitions of the regions. 

Figure 7: Results for precipitation for each season.  The left panels are the negative of the bias 

(MERRA-2 - CNTRL) and the right panels are the impact of the TBC (TBC_GLOBAL minus 

CNTRL).  Values are averaged over the period 1980-2017.  Units are mm/day. 

Figure 8: Top panels: The contributions for each season to the global TBC impacts on precipitation 

in the NM region from TBC in each of the zonal band subregions (NP, NM, TR, SM, SP).  The last 

bar in each plot is the sum of the contributions from each zonal band.  Bottom panels: The 

contributions to the NM TBC impacts in the NM region from each subregion of NM (NM1, NM2, 

NM3, NM4, NM5, NM6). The last bar in each plot is the sum of the contributions from each subregion 

of NM.  The values are the normalized inner products as defined in eq. 3 of the text.  See Figure 2 for 

the definitions of the regions. 

Figure 9: T2m bias correction in NM5 from TBC in various NM Subregions.  The contributions from 

the NM region and from the NM2, NM4, and NM5 subregions, as well as the sum of the corrections 

from all 6 NM subregions, are shown.  The biases are computed with respect to station observations 

(dark bars) or ERA-5 (light bars).  The values are the normalized inner products as defined in eq. 3 

of the text.  See Figure 2 for the definitions of the regions. 

Figure 10: Schematic of how the TBCs might be acting to influence the tendencies.  This could be 

indirectly through the impacts on the physics and dynamics terms (solid arrows), or directly (dashed 

arrow).   

 

Figure 11:  Impacts for JJA of global TBC on a) total cloudiness (fraction of area), b) latent heat flux, 

c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the surface.  In each 
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set of two panels the left panel is the negative of the bias (MERRA-2 minus CNTRL), and the right 

panel is TBC minus CNTRL. Values are averaged over the period 1980-2017.  Units are: W/m2. 

Figure 12:  Impacts for SON of global TBC on a) total cloudiness (fraction of area), b) latent heat 

flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the surface.  In 

each set of two panels the left panel is the negative of the bias (MERRA-2 minus CNTRL), and the 

right panel is TBC minus CNTRL. Values are averaged over the period 1980-2017.  Units are: W/m2. 

Figure 13:  Impacts for DJF of global TBC on a) total cloudiness (fraction of area), b) latent heat 

flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the surface.  In 

each set of two panels the left panel is the negative of the bias (MERRA-2 minus CNTRL), and the 

right panel is TBC minus CNTRL. Values are averaged over the period 1980-2017.  Units are: W/m2. 

Figure 14:  Impacts for MAM of global TBC on a) total cloudiness (fraction of area), b) latent heat 

flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the surface.  In 

each set of two panels the left panel is the negative of the bias (MERRA-2 minus CNTRL), and the 

right panel is TBC minus CNTRL. Values are averaged over the period 1980-2017.  Units are: W/m2. 

Figure 15:  Impact of TBC on the 250mb eddy (deviations from the zonal mean) height field 

compared to the model bias.  The left panels are the negative of the bias with respect to MERRA-2.  

The right panels show the impact of TBC.   The top panels are for the M2_AGCM (averaged for the 

period 1980-2017). The bottom panels are for the updated model (the IC_AGCM), averaged for the 

period 1981-2016.  Units are meters.  The box in each figure outlines our region of interest - the 

Pacific/North American region. 

Figure 16: A schematic of the replay approach used to compute the analysis increments (IAU, or ∆𝑥 

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.  

Figure 17:  The impact of global and regional TBC on the 250mb height field for the IC_AGCM.  a) 

negative of the bias with respect to MERRA-2, b) the impact of global TBC, c) the sum of the impacts 

from the tropical (TR) and northern middle latitude (NM) TBC, d) impact of TR TBC, e) impact of 
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NM TBC, f) impact of applying TBC in the region that combines TR2 and TR3 and TR4. Results are 

averages for the period 1981-2016. Units are meters. 

Figure 18:  Same as Fig. 17, except for the precipitation.  Units are mm/day. 

Figure 19: Long term averages (1980-2016, denoted by an overbar) of the various terms of the JJA 

mean temperature (T) tendency at 850mb computed from MERRA-2.  The top 6 panels show the 

contributions to the tendency from the various physical terms in the thermodynamic equation such 

that 
𝜕�̅�

𝜕𝑡
= 𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑚𝑜𝑖𝑠𝑡̅̅ ̅̅ ̅̅ ̅̅ + ⋯ +△ 𝑇̅̅ ̅̅ ̅ ≅ 0, where △ 𝑇̅̅ ̅̅ ̅  (lower middle panel) is the long-term 

average analysis increment of temperature.  The lower left panel is the sum (total) of all the physical 

terms.  The lower right panel shows that the long-term average of the sum of the physical terms and 

the analysis increment is indeed effectively zero.  Units: °C/day. 

Figure 20: Long term averages (1980-2016, denoted by an overbar) of the various terms of the JJA 

mean specific humidity (q) tendency at 850mb computed from MERRA-2.  The top panels show the 

contributions to the tendency from the various physical terms in the moisture equation.  Here, 
𝜕�̅�

𝜕𝑡
=

𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑚𝑜𝑖𝑠𝑡̅̅ ̅̅ ̅̅ ̅̅ + ⋯ +  △ 𝑞̅̅ ̅̅ ̅ ≅ 0, where △ 𝑞̅̅ ̅̅ ̅  (lower middle panel) is the long-term average 

analysis increment of specific humidity. The lower left panel is the sum (total) of all the physical 

terms.  The lower right panel shows that the long-term average of the sum of the physical terms and 

the analysis increment is indeed effectively zero.  Units are g/day. 

Figure 21: An example of the s for surface pressure for January and July. 

Figure 22:  A comparison of the results for TBC and TBC together with a state-dependent term 

(SD_TBC) for JJA for the 850mb u-wind (m/s, left panels) and the 250mb v-wind variance ((m/s)2, 

right panels). 
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Executive Summary 

The Global Modeling and Assimilation Office (GMAO) recently developed an approach for 

correcting long-term biases in climate models.  The approach, called tendency bias correction (TBC), 

introduces additional forcing terms into the model’s prognostic equations based on the long-term 

(multi-decade) averages of short term (typically 6 hour) forecast errors.  The approach was further 

generalized to allow limiting the TBC to specific regions of the globe, thereby providing insights 

into those regions of the global where model errors have the largest impact on climate bias. 

In this report, we summarize the results of global and regional TBC applied to the GEOS AGCM 

(the same model used to generate MERRA-2 though run at lower resolution, referred to as the 

M2_AGCM) employing the analysis increments (analysis minus forecast) generated by MERRA-2 

to calculate the TBC terms.  Extending the results of Chang et al. (2019) and Schubert et al. (2019), 

we examine in more detail the seasonality of the TBC impacts, including a deeper look into the 

reasons for why TBC appears to be least effective during boreal winter.   We also look into the ability 

of TBC to correct other diagnostic fields such as cloudiness and surface fluxes and, more generally, 

attempt to provide some insight into why TBC is effective in correcting long term climate biases.  

Looking beyond TBC, we also present some preliminary results from an extension of the TBC 

approach in which we include a state-dependent term. 

 

Focusing on the Northern Hemisphere (NH) middle latitude impacts, the results show a substantial 

seasonality in the efficacy of TBC in correcting many of the long-standing circulation biases (e.g., 

upper-level jets and stationary waves) of the M2_AGCM, with the summer season showing the 

greatest improvements and the winter season showing the least.  A key difference between JJA and 
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DJF is the fact that the contributions to the TBC impacts in the Northern Hemisphere middle latitudes 

tend to be local in summer.  That is, the sources of the TBC impacts in middle latitudes are largely 

confined to the middle latitudes, while during the winter there are substantial contributions to the 

impacts in the middle latitudes from other latitude bands, especially from the tropics.  The transition 

season impacts are somewhere in between, with SON behaving more like JJA, and MAM behaving 

more like DJF.  During all seasons (though less so for DJF) we see an important impact on the climate 

bias in the NH middle latitudes coming from TBC in a region encompassing the Tibetan Plateau, 

highlighting the importance of correcting the model biases in that very mountainous region.  

Similarly, we found a substantial seasonality in the ability of TBC to correct the climate biases in the 

surface meteorology over North America, with TBC correcting about 60% of the bias in T2m and 

more than 50% of the bias in precipitation during JJA.  In contrast, during DJF, TBC corrects only 

about 30% of the bias in T2m and less than 20% of the bias in precipitation. 

The impacts on other diagnostic fields (total cloudiness, latent and sensible heat fluxes and the long-

wave and short-wave radiation fluxes) also show substantial improvements, but that improvement 

has a strong seasonality with the largest improvements again occurring in JJA and the smallest 

improvements occurring in DJF.  While we cannot rule out the possibility that the TBCs are 

introducing some artificial corrections that circumvent the model physics, the improvements in the 

cloudiness and surface fluxes indicate that the improvements in the climate biases from TBC is, at 

least in part, the result of improved input (the prognostic quantities) to the relevant 

parameterizations, leading to physically realistic improvements (via the physical parametrizations) 

to such fields as T2m and precipitation. 
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The reasons for the smaller impacts in the NH during DJF are still somewhat unclear, though a 

distinguishing feature of that season is the greater importance of tropical heating errors in contributing 

to NH middle latitude stationary wave biases.  Using an updated GEOS AGCM (though with boreal 

winter stationary wave biases that are very similar to those of the M2_AGCM) we found that the 

TBCs obtained from employing a technique called “replay” developed in the GMAO to generate the 

short-term forecast errors did produce improved stationary waves and related fields, and those 

improvements appear to be the result of improved tropical heating with TBC. This apparent 

sensitivity of the results to how the TBCs are produced (in the case of the M2_AGCM they were 

simply taken from the MERRA2 archive) is of some concern, but highlights the need to compute the 

short-term forecast errors (and the TBCs) for the model in question directly, in either a data 

assimilation or replay environment. 

We also look more generally at the reasons why TBC seems to work, looking in particular at the size 

of the TBCs relative to the physical and dynamical forcing terms in the model.  The results show 

that the TBCs overall tend to be relatively small, suggesting the model’s response to the TBCs is 

likely linear, though that is less true for the moisture in the tropics where the TBCs can have 

amplitudes locally that rival those of the physical terms.  We in fact do find considerable double 

counting (nonlinearity) when examining the separate impacts of TBC from different regions, and 

this appears to be especially true for precipitation, and for DJF during which the impacts from the 

tropics is important. 

 

Finally, we present some initial results of an extension to TBC that includes a state-dependent term.  

The motivation for such an extension is that by minimizing the error in the time tendency, such a 

term could potentially produce a greater positive impact (compared with the original TBC approach) 
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on forecast skill.  The results we have obtained so far highlight some of the challenges one faces in 

producing statistically robust estimates of state-dependent terms, and in introducing them in a way 

that maintains model stability. 

 

1.0 Review of TBC and focus of this report 

 

Recently Chang et al (2019) introduced the tendency bias correction (TBC) approach for correcting 

biases in climate models.  The TBC approach, described in more detail below, uses information about 

biases in short-term (e.g., 6 hour) forecast errors to calculate constant correction terms that are 

introduced into the model’s prognostic equations.  Schubert et al. (2019) extended the approach to 

allow limiting the TBC to specific regions (termed “regional TBC”), thereby providing a systematic 

approach to identifying how model errors in any one region impact climate bias across the globe.   

 

In this report we expand on the results of Chang et al (2019) and Schubert et al (2019) by delving 

further into the ability of TBC (both global and regional) to correct the climate biases of the GEOS 

AGCM, looking in more detail at the impacts during all seasons, as well as the impacts on additional 

diagnostic fields (e.g., surface fluxes and cloudiness) that provide further insights into how TBC acts 

to correct long term climate biases.  We also look further into the reasons for the relatively poor 

performance of the TBC in the boreal winter hemisphere.   More generally, we discuss both why TBC 

seems to work, and what may be fundamental limitations to TBC, especially regarding the 

interpretation of regional TBC results.  Finally, we introduce an extension of the TBC methodology 

to include a state-dependent term. 
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Our approach to TBC 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: 

     
𝜕𝑥

𝜕𝑡
= 𝑓(𝑥) +  ∆𝑥    (1), 

 

where   ∆𝑥 = (𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 − 𝑓𝑜𝑟𝑒𝑐𝑎𝑠𝑡)/6ℎ𝑟𝑠  is the instantaneous analysis increment (applied to the 

model’s prognostic variables: temperature, winds, humidity, surface pressure and ozone), and f(x) 

consists of all the dynamics and physics terms of the model (basically the uncorrected model).   

Following Chang et al. (2019), the governing equations for the TBC approach have the same form as 

(1), except that now the forcing term is a long term mean of the increments.  In particular, 

     
𝜕𝑥

𝜕𝑡
= 𝑓(𝑥) +  ∆𝑥̅̅̅̅     (2), 

 

where  ∆𝑥̅̅̅̅  is the time average (denoted by the overbar) of the instantaneous  ∆𝑥 values computed 

here over the years 1980 - 2017.  In the above,  ∆𝑥̅̅̅̅  is the tendency bias correction (TBC) term.  The 

averaging is done independently for different times of the day and for different times of the year; in 

this way, we retain the diurnal and annual cycles in the TBCs.  It is important to emphasize that the 

TBC approach only makes use of information about the initial short-term forecast errors and 

furthermore only the long-term average of those (tendency) errors.  As such, it is not at all clear that 

correcting tendency biases should have a substantial impact on the model’s long-term climate biases 

(Figure 1).    In fact, as we shall see, TBC does correct long term climate biases, and we attempt to 

address why that is the case later in this report.   It is also worth noting that TBC appears to provide 

only modest improvements to forecast skill (Chang et al. 2019) – something we address in this report 

in terms of a potential extension of TBC that more directly addresses tendency errors. 
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In the following, we will look in detail at the impacts of TBC (applied both globally and regionally) 

on the GEOS AGCM’s long term climate biases.   Section 2 describes the verification data sets, the 

GEOS AGCM, and the various model experiments.  The results are presented in Section 3.  In Section 

4 we discuss the advantages and limitations of TBC as well as a possible extension to TBC involving 

a state-dependent correction term.   The summary and conclusions are given in Section 5. 

 

 

 

Figure 1:  A schematic of the model’s climate drift.  Here F is the forecast, O is the 

corresponding observational value, and the overbar denotes an average over a large number 

of forecasts. The example is for a positive model bias. 
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2. Experiments and Datasets  

2.1 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 

NASA Goddard Space Flight Center (GSFC) / Global Modeling and Assimilation Office (GMAO), 

is an updated version of MERRA (Rienecker et al. 2011) including 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; see also below).  Other differences from MERRA include aerosol data assimilation, as well as 

new developments in the representation of ozone and 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 used here consist of 2-meter air temperature (T2M), precipitation (the raw values 

from model, i.e., the values not yet corrected by observations), zonal wind, and geopotential height.  

We note 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 

potentially impacted by model biases.  
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While most of our validation of the TBC results is done against MERRA-2, we also, on a more limited 

basis, validate against ERA-5 (C3S 2017), and two station-based observational datasets: the gridded 

GHCN_CAMS data for T2m over land (Fan and van den Dool 2008), and the GPCP V2.3 for 

precipitation (Adler et al. 2003).   

 

2.2 The GEOS AGCM 

 

Most of the results presented here are based on the same version of the GEOS AGCM that was used 

to generate MERRA-2, though run here at a lower horizontal resolution (approximately 1°); we refer 

to this as the M2_AGCM.  As described in Gelaro et al. (2017), M2_ AGCM includes the finite-

volume dynamical core of Putman and Lin (2007), which uses a cubed sphere horizontal 

discretization at an approximate resolution of 0.5° × 0.625°, with 72 hybrid-eta levels from the 

surface to 0.01 hPa.  Recent upgrades to the physical parameterization schemes include increased 

re-evaporation of frozen precipitation and cloud condensate, changes to the background gravity 

wave drag, and an improved relationship between the ocean surface roughness and ocean surface 

stress (Molod et al. 2015).  The model also includes a Tokioka-type trigger on deep convection as 

part of the Relaxed Arakawa-Schubert (RAS, Moorthi and Suarez 1992) convective 

parameterization scheme, which governs the lower limit on the allowable entrainment plumes 

(Bacmeister and Stephens 2011). The implementation of new glaciated land representation and 

seasonally-varying sea ice albedo produced improved air temperatures and reduced biases in the net 

energy flux over these surfaces (Cullather et al. 2014).  The model includes the Catchment land 

surface model developed by Koster et al. (2000).  Further details about the GEOS AGCM can be 

found in Molod et al. (2015). 
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While most of the results presented here are based on the M2_AGCM described above, a few results 

(presented in Section 3.3) are based on a newer version of the GEOS AGCM.  This interim 

development version of the model (Icarus-3_3_p2, referred to hereafter as the IC_AGCM) was also 

run at 1° horizontal resolution.  

 

2.3 The TBC Simulations 

 

As mentioned above, all of the simulations described here (with the exception of the results shown 

in Section 3.3) were produced with the same version of the GEOS AGCM that was used to produce 

MERRA-2 (the M2_AGCM).  The runs were made with the same SST data, greenhouse gases 

(GHGs), and other forcing used to produce MERRA-2.  The only differences are that the M2_AGCM 

was run at coarser resolution and, of course, that the simulations did not assimilate observations.  

This similarity offers the unique opportunity to assess how the observations influence various 

aspects of the model climate, but of course to the extent that any model errors are reflected in the 

reanalysis, it also has the potential to bias our assessment of model errors.  We address the latter in 

a limited way, by computing the model’s climate biases using several different verification datasets. 

 

The main set of experiments with the M2_AGCM examined here are identical to those described in 

Schubert et al. (2019) and are, for convenience, listed in Table 1.    All the runs are forced with 

observed SST and span the period 1980-2017.  These include a control run without TBC applied 

(CNTL), a run in which the TBC is applied globally (TBC_GLOBAL), and 17 runs in which the TBC 

is applied over specified regions (see Figure 2).  The 17 regions consist of 5 zonal bands (the Northern 

Polar region or NP, the Northern Middle latitudes or NM, the Tropical Region or TR, the Southern 
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Middle latitudes or SM, and the Southern Polar region or SP).  The NM and TR latitudinal bands are 

each split into six sub-regions.  As mentioned above, the runs listed in Table 1 were repeated with an 

updated version of the GEOS-AGCM (IC_AGCM) for a slightly shorter time period (1981-2016).  In 

addition, we carried out an experiment with the IC-AGCM in which TBC was applied to a larger 

tropical subregion spanning much of the Indian and Pacific Oceans (combining regions TR2, TR3 and 

TR4) as described in Section 3.3. 

 

Table 1. A summary of the GEOS AGCM experiments. See Fig. 2 for definitions of the 

regions.  The AGCM is the MERRA-2 version of the model (M2_AGCM).  For some of the 

results shown in Section 3.3, however, the experiments were repeated using a more recent 

version of the model (IC_AGCM) for the period 1981-2016 (see text for details).  

Exp. 

# 
Exp. Name Description Model 

1 
CNTL  

37- year control simulation 

for the period 1980-2017 

Uncorrected 

AGCM  

2 TBC_NP 

TBC_NM 

TBC_TR 

TBC_SM 

TBC_SP  

37- year simulations for the 

period 1980-2017 in which 

TBC is applied to selected 

zonal bands  

AGCM with TBC  

3 TBC_NM1 

TBC_NM2 

TBC_NM3 

TBC_NM4 

TBC_NM5 

TBC_NM6 

37- year simulations for the 

period 1980-2017 in which 

TBC applied to selected 

regions spanning the NM 

region 

AGCM with TBC  

4 TBC_TR1 

TBC_TR2 

TBC_TR3 

TBC_TR4 

TBC_TR5 

TBC_TR6 

37- year simulations for the 

period 1980-2017 in which 

TBC is applied to selected 

regions spanning the TR 

region 

AGCM with TBC  

5 

TBC_GLOBAL 

37- year simulations for the 

period 1980-2017 in which 

TBC is applied globally 

AGCM with TBC  
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Figure 2: The 17 regions in which TBC was applied (see Table 1).  The heavy black box 

outlines the NM region (a key focus of this study).   

 

3. Results of TBC 

In assessing the efficacy of the TBC approach, we distinguish in the following between “impact” 

and “bias correction”, with the former being an assessment of how TBC influences the model’s 

climate, and the latter being an assessment of the extent to which TBC actually corrects the model’s 

climate bias (i.e., to what extent do the impacts of TBC project onto the climate bias).   These are 

quantified with an inner product measure (Schubert et al. 2019): 

I =  
𝑋•𝑌

|𝑌|2
=

|𝑋|

|𝑌|
𝑐𝑜𝑠𝜃 ,      (3) 
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where X and Y are vectors with components 𝑥𝑗 and 𝑦𝑗, respectively, at the grid points (j) making up 

a particular region.  Here X and Y can refer to the results (TBC minus control) of two different TBC 

runs (when addressing impacts) or, in the case of assessing climate bias correction, Y refers to the 

climate bias (control minus observed)1.   The former (addressing impacts) is especially important for 

quantifying the contributions made to the impact of TBC applied in one region (e.g., the NM region, 

see Figure 2), from TBC applied to various subregions (e.g., NM1, NM2 ..., etc.), thereby allowing 

us to potentially identify those subregions having the largest impacts. The right-hand side of (3) 

indicates that the inner product between X and Y can be written as the ratio of the magnitudes of the 

vectors, multiplied by the cosine of the angle (𝜃) between the two vectors (a measure of spatial 

similarity). 

 

We shall see that regional TBC does not always produce results that are easy to interpret.  Specifically, 

the results are in some cases (especially for precipitation) not linear in the sense that the sum of the 

responses (Ri, i=1,N) obtained when TBC is applied separately to each of the subregions making up 

a larger region add up to a value that is larger than the response (R) obtained when TBC is applied to 

that larger region.  That is,  

 

R1 + R2 + … RN  >  R      (4). 

 

 
1 Here we actually compute (observed minus control) for the sign to be consistent with how we 

compute the impacts (TBC minus control). 
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This nonlinearity (which we refer to as double counting) appears to reflect the fact that improvements 

in one region appear to be coming from TBC applied to two (or more) different regions for which 

the tendency errors are not independent. 

We begin in Section 3.1 by examining the extent to which global and regional TBC corrects the 

climates of the 250mb zonal wind, the 2-meter temperature (T2m) over land, and the precipitation.  

This includes an assessment of both how TBC applied to one region impacts the climate in other 

regions and the extent to which those impacts act to reduce the M2_AGCM’s climate bias. 

 

3.1 Efficacy of global and regional TBC in correcting key fields 

 

a) u-wind at 250mb 

Figure 3 shows the results of applying TBC globally for the 250mb u-wind for each season, with the 

bias (actually the negative of the bias with respect to MERRA-2) shown in the left panels and the 

TBC impacts (TBC minus CNTRL) shown in the right panels.   Comparing the anomalies in the left 

and right panels, one finds a remarkable degree of similarity for all seasons.  This is especially true 

for JJA (cf. Figs. 3e and f) where the large summer jet biases are substantially reduced.  In fact, the 

percent of the 250mb u-wind bias corrected by global TBC (I, expressed as a percent) is 65%, 60%, 

74%, and 58% for DJF, MAM, JJA and SON, respectively (see values in the right margin Fig. 3).  

The pattern similarity (𝑐𝑜𝑠𝜃) is also substantial, with values ranging from 0.65 in SON to as high as 

0.87 in JJA.  The ratios of the magnitudes of the vectors (see 3) also show that TBC_GLOBAL 

corrects a substantial fraction of the bias with values ranging from a low of 0.79 for MAM to a high 

of 0.89 for SON.  One result not reflected in the global inner products (but see the discussion of 
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Table 2 below), is the lack of a substantial correction to the DJF North Pacific jet bias (cf. Figs. 3a 

and b).  We will look into the possible reasons for that in Section 3.3. 

 

We next look in more detail at the nature of the TBC impacts on the 250mb zonal wind, focusing on 

the impacts in the NH middle latitudes (region NM, see Fig. 2).  The top panels of Figure 4 show 

how much TBC, when applied separately to each of the different zonal bands, contributes to the 

impacts in the NM zonal band produced with global TBC. For each season it is clear that the TBC 

applied to the NM region is the main contributor to the impacts in that band.  In the case of JJA (Fig. 

4c), the TBC applied to the NM region accounts for essentially all the impact in that zonal band.  

Also, for both MAM and SON (Figs. 4b and d), TBC in the NM region accounts for more than 80% 

of the total impacts in the NM region.  It is only for DJF (Fig. 4a) that other zonal bands contribute 

substantially to the NM impacts, with TBC from NP and TR together accounting for about 40% of 

the impact compared with 60% for the NM region.  It is noteworthy that the SUM is greater than 1 

(especially for SON, Fig. 4d), indicating that there is some double counting.  We will come back to 

the double counting issue in our discussion of the limitations of regional TBC in Section 4.1. 

 

Given the importance of TBC in the NM region, we next examine which subregions of NM seem to 

play an important role.  To address that, we show in the bottom row of Figure 4 the contributions of 

the TBC applied to each of the six NM subregions to the total impact from TBC in the NM region.  

A key result is that the NM2 region is an important contributor during all seasons, contributing 

between 40% and 60% of the total depending on the season.  The reasons for the importance of the 

NM2 region during JJA, as already discussed in Schubert et al. (2019), have to do with the substantial 

temperature biases of the M2_AGCM over and around the Tibet highlands.  We now see that the  
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Figure 3: Results for the 250mb u-wind for each season.  The left panels are the negative of 

the bias (MERRA-2 minus CNTRL) and the right panels are the impact of the TBC 

(TBC_GLOBAL minus CNTRL).  Values are averaged over the period 1980-2017.  Units 

are m/s. 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 4: Top panels: The contributions for each season to the global TBC impacts on the 

250mb u-wind in the NM region from TBC in each of the zonal band subregions (NP, NM, 

TR, SM, SP).  The last bar in each plot is the sum of the contributions from each zonal band.  

Bottom panels: The contributions for each season to the NM TBC impacts in the NM region 

from each subregion of NM (NM1, NM2, NM3, NM4, NM5, NM6). The last bar in each plot 

is the sum of the contributions from each subregion of NM.  The values are the normalized 

inner products (I) as defined in eq. 3 of the text.  See Table 1 and Figure 2 for the definitions 

of the regions. 

 

NM2 region is also important for the other seasons; it is, in fact, even more important for both MAM 

(Fig. 4f) and SON (Fig. 4h), for which the NM2 region accounts for nearly 60% of the total impact 

in the NM region, compared with about 40% for JJA. 
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Table 2 summarizes the u250mb u-wind climate bias corrections in the NM zonal band in terms of 

the inner product, the amplitude ratio and similarity (eq. 3).  For each result, two numbers are shown 

(separated by dashed lines) corresponding to two different validation products used to compute the 

bias (MERRA-2 on the left and ERA-5 on the right).  Overall, the results show that there is little 

difference between the two estimates of the bias for the 250mb u-wind.  The percent of the u250mb 

wind bias in the NM region corrected by applying TBC to the NM region is shown in the second 

column of Table 2.  The results show a strong seasonality to the bias correction in the NM region, 

with close to 90% corrected in JJA, about 70% during MAM and SON, and only about 20% during 

DJF.  This is reflected in the spatial similarity which shows values of 0.91 for JJA, about 0.7 for 

MAM and SON, but only about 0.3 for DJF.  The amplitudes of the corrections are reasonable (close 

to 100%) during all seasons except DJF, when the amplitude of the impact is only ¾ of the climate 

bias.  The third, fourth and fifth columns of Table 2 show the contributions to the corrections in the 

NM region from TBC applied to regions NM2, NM4 and NM5, respectively.  These results are 

consistent with what we already saw for the impacts (Fig 4), with region NM2 playing a key role.  In 

particular, we see that TBC in NM2 accounts for more than 50% of the bias correction in the NM 

region for MAM, about 45% for SON, 36% for JJA, but only about 20% for DJF.  It is interesting 

that the spatial similarity from TBC in the NM2 region is about 0.6 for all seasons except for DJF,  

when it is just over 0.4 (third column of Table 2).  TBC applied to the other two regions (NM4 and 

NM5) account for considerably less of the bias correction in the NM region, though both JJA and 

SON do show values ranging from about 13% to 19%.  It is noteworthy that both SON and MAM 

show considerable double counting, with the SUM (inner product of the sum of the corrections over 

all 6 subregions) for each exceeding 100%; the SUM is 115% and about 125% for SON and MAM, 

respectively, reflecting excessive amplitude ratios that exceed 200% in the case of MAM. 
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Table 2. The bias correction for the M2_AGCM for the 250mb u-wind in the NM region for TBC 

applied in the NM region (second column) and the contributions from the NM
2
 (third column), NM

4
 

(fourth column), and NM
5
 (fifth column) subregions, as well as the sum of the corrections from all 6 

NM subregions (last column).  The results show the decomposition of the inner product (in black, as 

a percent) in terms of an amplitude ratio (in blue, as a percent) and spatial similarity (in red) as defined 

by the RHS of equation 3 in the text. For the values to the left of the dashed lines, the biases are 

computed with respect to MERRA-2, and the values to the right of the dashed lines are the same except 

that the biases are computed with respect to ERA-5.  See Fig. 2 for the definitions of the regions. 
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b) Temperature at 2 meters (T2m) 

The results of TBC for T2m are shown in Fig. 5.  Recall that the AGCM is forced with observed 

SSTs so we only show the results over land areas.  The bias in T2m (left panels of Figure 5) has a 

strong seasonality, with DJF (Fig. 5a) having a substantial cold bias over northern Eurasia, Canada 

and parts of the U.S. (recall the figures show the negative of the bias), and JJA (Fig. 5e) displaying 

a strong warm bias in those same regions.  The biases of the transition seasons fall in between the 

two extreme seasons, with MAM (Fig. 5c) displaying some of the cold bias of DJF, and SON (Fig. 

5g) showing some of the warm bias of JJA.  The global TBC acts to substantially correct the T2m 

biases (right panels of Fig. 5), though not to same extent that we saw previously for the 250mb u-

wind.  Here, the percent of the global T2m bias that is corrected is 40%, 51%, 60%, and 35%, for 

DJF, MAM, JJA and SON, respectively (see values in the right margin of Fig. 5).  We note that the 

relatively low value of the inner product (I) in DJF (cf. Figs. 5a and b) is due to the weak amplitude 

(52%) of the correction rather than a low spatial similarity (it is relatively high at 0.77).  In contrast, 

the relatively low value of the inner product (I) in SON (cf. Figs. 5g and h), is due to a rather low 

spatial similarity of the correction (0.45) rather than a weak amplitude (it has the relatively large 

value of 72%). 

 

We next look in more detail at the nature of the T2m impacts, focusing again on the impacts in the 

NH middle latitude regions (region NM, see Fig. 2).  The top panels of Figure 6 show how much 

TBC, when applied separately to each of the different zonal bands, contributes to the impacts seen 

in the NM zonal band from global TBC.  The results are quite similar to what we saw for the 250mb  
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Figure 5: Results for T2m for each season.  The left panels are negative of the bias 

(MERRA-2 - CNTRL) and the right panels are the impact of the TBC (TBC_GLOBAL 

minus CNTRL).  Values are averaged over the period 1980-2017.  Units are °C. 
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u-wind, in that most of the correction to T2m that occurs in the NM zonal band (again, only over the 

land areas) is due to the TBC applied just in the NM zonal band.  The bottom row of Figure 6 shows 

the contributions of the TBC applied to each of the six NM subregions to the impact seen over the 

NM5 (North America) region from TBC in the NM region.  While the NM2 region is again an 

important contributor during JJA (Fig. 6g) and SON (Fig. 6h), contributing roughly 30% of the total 

impact, that is not the case for DJF (Fig. 6e) and MAM (Fig. 6f).    In fact, during DJF the main 

contributor to the impact over the NM5 region is local (the TBC applied to the NM5 region alone).  

During MAM, both the upstream (NM4) and local (NM5) regions play a role, while for both JJA and 

SON the three regions NM2, NM4 and NM5 all roughly contribute the same amount (one third) to 

the impacts over the NM5 region.   

 

Turning to Table 3, we examine in more detail the T2m bias correction that occurs over North 

America (the NM5 region).  Here again, two numbers are shown (separated by dashed lines) 

corresponding to two different validation products used to compute the bias (MERRA-2 on the left 

and ERA-5 on the right).  Focusing on the second column of Table 3, we see that the percent of the 

bias in region NM5 corrected by TBC applied to the NM zonal band accounts for about 62% for JJA, 

43% for SON, 29% for DJF, and 26% for MAM, with some mostly minor differences between the 

results for the two different validation products.  In the above, we have averaged the two values 

computed from the two different validation products.  The relatively low percent of bias correction 

during DJF is largely a reflection of a weak amplitude of the correction (the spatial similarity is 

0.86).  In contrast, the relatively small bias correction for MAM is more a reflection of a relatively 

weak spatial similarity, equal to 0.57.  It is noteworthy that the percent of the T2m bias in the NM 

region corrected by TBC is, for all seasons, slightly larger when using ERA5 for validation.  Why 
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Figure 6: Top panels: The contributions for each season to the global TBC impacts on T2m 

in the NM region from TBC in each of the zonal band subregions (NP, NM, TR, SM, SP).  

The last bar in each plot is the sum of the contributions from each zonal band.  Bottom panels: 

The contributions for each season to the NM TBC impacts in the NM5 (North American) 

region from each subregion of NM (NM1, NM2, NM3, NM4, NM5, NM6). The last bar in each 

plot is the sum of the contributions from each subregion of NM.  The values are the normalized 

inner products as defined in eq. 3 of the text.  See Figure 2 for the definitions of the regions. 

 

that should be the case is unclear.  Overall, the results indicate that TBC appears to be more effective 

in reducing the T2m bias during the summer and fall seasons, and less effective during the winter 

and spring seasons. The third, fourth and fifth columns of Table 3 show the contributions to the 

corrections in the NM5 region from TBC applied to regions NM2, NM4 and NM5, respectively.  The  
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results highlight the importance of the TBC applied locally during all seasons (accounting for 

between 20% - 25% of the correction in each season).  In fact, during DJF and MAM it is all local 

(NM5), consistent with what we saw for the DJF impacts (Fig. 6e).  This is not the case for MAM 

which, while showing some impacts on the NM5 region from the TBC in the NM4 region (Fig. 6f), 

produces essentially no bias correction from that region (Table 3, bottom cell of fourth column).  

This highlights the fact that impacts do not necessarily translate into actual bias corrections.  Both 

JJA and SON have contributions from all three regions, with JJA having roughly three equal 

contributions, and SON having NM2 and NM4 contributions that are roughly half of the local 

contribution.  As such, for JJA the corrections to the bias in the NM5 region are roughly 2/3 remote 

and 1/3 local, while for SON, it is roughly ½ remote and ½ local. 
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Table 3. The bias correction for the M2_AGCM for T2m in the NM5 (North American) region for 

TBC applied in the NM region (second column) and the contributions from the NM
2
 (third 

column), NM
4
 (fourth column), and NM

5
 (fifth column) subregions, as well as the sum of the 

corrections from all 6 NM subregions (last column).  The results show the decomposition of the 

inner product (in black, as a percent) in terms of an amplitude ratio (in blue, as a percent) and 

spatial similarity (in red) as defined by the RHS of equation 3 in the text. For the values to the left 

of the dashed lines, the biases are computed with respect to MERRA-2, and the values to the right 

of the dashed lines are the same except that the biases are computed with respect to ERA-5.  See 

Fig. 2 for the definitions of the regions. 
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c) Precipitation 

Figure 7 is the same as Figure 3, but for precipitation.  The model has rather substantial precipitation 

biases throughout the tropics during all seasons (left panels of Fig. 7).  During JJA (Fig. 7e), 

excessive precipitation extends from the central tropical Pacific into the northern subtropical Pacific, 

while there is too little precipitation over the warm pool region and over the eastern tropical Indian 

Ocean.  The DJF (Fig. 7a) tropical biases have a north/south dipole structure with too much 

precipitation north of the equator and too little south of the equator, especially over the Indian Ocean 

region.  Other biases prevalent during all seasons include excessive precipitation over southeast 

Asia (though less so for DJF, Fig. 7a), northern South America extending south over the Andes 

Mountains, and much of Central America and surrounding regions, extending into the Atlantic.  The 

model also produces too little precipitation over the central U.S. during the summer (Fig. 7e), and 

too little precipitation in the North Pacific storm tracks during all but the winter season (though there 

is a precipitation deficit in the northeast Pacific during that season, Fig. 7a).  Global TBC acts to 

correct some of these biases, though not to same extent that we saw previously for the 250mb u-

wind or even for T2m.  Here the percent of the global precipitation bias that is corrected with global 

TBC is 27%, 24%, 30%, and 22%, for DJF, MAM, JJA and SON, respectively (see values in the 

right margin of Fig. 7).  The spatial similarity is generally low, ranging from 0.36 in MAM to 0.50 

for JJA.  The amplitude ratios are 68%, 67%, 60%, and 57%, for DJF, MAM, JJA and SON, 

respectively.  As such, the overall low values of the percent precipitation bias corrections reflect 

both a smaller spatial similarity and a weaker amplitude ratio compared to the results for T2m and 

250mb u-wind. 
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Turning next to Figure 8, we show how much the TBC applied separately to each of the different 

zonal bands contributes to the precipitation impacts in the NM zonal band from global TBC.  The 

results are again quite similar to what we saw for the 250mb u-wind, in that most of the correction 

to precipitation that occurs in the NM zonal band is due to the TBC applied just in the NM zonal 

band.  Only DJF (Fig. 8a) and SON (Fig. 8d) show some contribution from the tropics (greater than 

0.2).  There is also considerable double counting especially for MAM (Fig. 8b) and SON (Fig. 8d), 

for which the SUM is substantially larger than 1 (values are about 1.4 for both).   The bottom row 

of Figure 8 shows the contributions of the TBC applied to each of the six NM subregions to the 

impact on precipitation over the NM5 (North America) region from TBC in the NM region.  Here 

we see less of a predominant impact of the NM2 region, with the other regions (especially the just-

upstream NM4 and local NM5 regions) contributing as much if not more to the impact over North 

America.  Again, DJF (Fig. 8e) is somewhat of an outlier, with the largest contributions coming from 

the local (NM5) and downstream (NM6) regions.  Here again there is also considerable double 

counting for all but JJA (Fig. 8g), especially for DJF for which the SUM is greater than 2. 

 

Turning now to Table 4, we examine in more detail the precipitation bias correction that occurs over 

North America (the NM5 region).  Here again, two numbers are shown (separated by a dashed line) 

corresponding to two different validation products used to compute the bias (MERRA-2 on the left 

and ERA-5 on the right).  Focusing on the second column of Table 4, we see that the percent of the 

bias in region NM5 corrected by TBC (I, the values in black) applied to the NM zonal band accounts 

for about 55% for JJA, 38% for SON, 15% for DJF, and 23% for MAM (here again we are averaging 

the two values computed from the two different validation products). This highlights the large  
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Figure 7: Results for precipitation for each season.  The left panels are the negative of the 

bias (MERRA-2 - CNTRL) and the right panels are the impact of the TBC (TBC_GLOBAL 

minus CNTRL).  Values are averaged over the period 1980-2017.  Units are mm/day. 
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Figure 8: Top panels: The contributions for each season to the global TBC impacts on 

precipitation in the NM region from TBC in each of the zonal band subregions (NP, NM, 

TR, SM, SP).  The last bar in each plot is the sum of the contributions from each zonal band.  

Bottom panels: The contributions to the NM TBC impacts in the NM5 (North American) 

region from each subregion of NM (NM1, NM2, NM3, NM4, NM5, NM6). The last bar in each 

plot is the sum of the contributions from each subregion of NM.  The values are the 

normalized inner products as defined in eq. 3 of the text.  See Figure 2 for the definitions of 

the regions. 

 

seasonal differences in the corrections, with JJA exhibiting the largest bias correction, and DJF 

exhibiting the smallest.  We note that in this case there are more substantial differences between the 

results for the two different validation products (MERRA-2 and ERA-5) compared with the winds 

and temperature, reflecting the greater uncertainties in our observational estimates of precipitation, 
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though again the percent corrected is larger when using ERA-5 as validation.  Turning to columns 

3, 4 and 5 of Table 4, we see that both JJA and SON exhibit relatively large local contributions 

(NM5, about 25%), with JJA also showing a relatively large contribution from NM2 (more than 

21%), while SON also shows a relatively large contribution from the upstream region (NM4, about 

23%).  For all but JJA, there is again considerable double counting as reflected in the SUM (Last 

column of Table 4). 

 

The T2m and precipitation bias corrections over North America (the NM5 region) are summarized 

in Figure 9 for JJA and DJF – the two seasons that show the largest differences in the amount of bias 

correction obtained from TBC.  The results are shown for the impact of the full NM region (left 

most bars), the NM2, NM4 and NM5 regions, and the SUM of all 6 regions (right most bars).  Here 

the two bars for each region again correspond to two different validation datasets, one being ERA-

5 (for both T2m and precipitation) and the other being the GHCN_CAMS station dataset (for T2m) 

or the GPCP V2.3 station dataset (for precipitation).  For T2m over North America (top panels of 

Fig. 9), the results highlight the substantial differences between JJA (Fig. 9a) and DJF (Fig. 9b) in 

terms of the percent corrected as well as the type of correction, with about double the total correction 

in JJA (60% for JJA versus 30% for DJF), and with 2/3 of the JJA correction coming from remote 

regions (NM2 and NM4) and 1/3 local (NM5).  In contrast, during DJF essentially the entire 

correction is local (NM5). For precipitation (bottom panels of Fig. 9), the results again highlight the 

substantial differences between JJA (Fig. 9c) and DJF (Fig. 9d) in terms of the percent corrected as 

well as the type of correction, with almost a factor of 4 larger total correction in JJA (55% for JJA 

versus 15% for DJF), and with 1/2 of the JJA correction coming from remote regions (NM2 and 

NM4) and 1/2 local (NM5).  Interestingly, none of the precipitation bias correction during DJF is 
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local (NM5), with both the NM2 and NM4 contributing to what is admittedly a relatively small total 

correction coming from the TBC in the NM region.  We note again that there is substantial double 

counting for DJF (the SUM is considerably larger than the results for NM), suggesting again that 

some caution needs to be taken when interpreting the results from the individual subregions of NM. 

Table 4. The bias correction for the M2_AGCM for precipitation in the NM5 (North American) 

region for TBC applied in the NM region (second column) and the contributions from the NM
2
 

(third column), NM
4
 (fourth column), and NM

5
 (fifth column) subregions, as well as the sum of 

the corrections from all 6 NM subregions (last column).  The results show the decomposition of 

the inner product (in black, as a percent) in terms of an amplitude ratio (in blue, as a percent) and 

spatial similarity (in red) as defined by the RHS of equation 3 in the text. For the values to the 

left of the dashed lines, the biases are computed with respect to MERRA-2, and the values to the 

right of the dashed lines are the same except that the biases are computed with respect to ERA-

5.  See Fig. 2 for the definitions of the regions. 
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Figure 9: T2m bias correction in NM5 from TBC in various NM Subregions.  The 

contributions from the NM region and from the NM2, NM4, and NM5 subregions, as well as 

the sum of the corrections from all 6 NM subregions, are shown.  The biases are computed 

with respect to station observations (dark bars) or ERA-5 (light bars).  The values are the 

normalized inner products as defined in eq. 3 of the text.  See Figure 2 for the definitions of 

the regions. 

 

 

  

(a) (b) 

(c) (d) 
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3.2 Corrections to other diagnostic fields 

 

It is unclear exactly how the constant short-term corrections (the TBCs) introduced in the various 

prognostic equations (for temperature, winds, humidity, surface pressure and ozone) lead to the 

improvements in the long-term climate biases.  Are the improvements the result of realistic changes 

in the underlying physics and dynamics terms, or are they the result of adjustments to those fields 

that are inconsistent with the framework of the existing parameterizations (Fig. 10)?  In other words, 

could the tendency corrections be producing the right answers for the wrong reasons?  An example 

is if TBC introduces a correction in the u-wind equation to correct a wind bias, when in fact the error 

responsible for the wind bias is in the model’s temperature equation.   

 

We examine that question here by looking further into the impacts on quantities not directly 

corrected by the TBCs.  In particular, we examine the impacts on the cloudiness and the surface 

fluxes over land (latent heat, sensible heat, long-wave and short-wave radiation).  To the extent that 

these are corrected, it gives us some confidence that the corrections are driven by the improved 

inputs to these physical parameterizations.  In the next four figures (one for each season) and for 

each quantity, the left panels again show the negative of the climate bias (with respect to MERRA-

2), while the right panels show the impact (global TBC minus CNTRL). While ideally, we would 

want to compare the impacts of TBC with independent observational estimates, we argue that our 

target here should really be MERRA-2, since it is unlikely that we can do better than that within the 

constraints imposed by the underlying model used to produce MERRA-2.  The success of the TBC 

in correcting the biases is again measured in terms of the inner product (3).  We focus in particular 

on the measure of similarity in the patterns of the biases and the TBC impacts (cos𝜃), since that is 
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perhaps the most telling measure of whether or not TBC (by modifying the prognostic fields – the 

input to the relevant physical parameterizations) is acting in a physically realistic way to correct the 

biases, even if the amplitude of the correction is insufficient to fully correct the biases (amplitude 

ratio is substantially less than 1).   

 

 

 

Figure 10: Schematic of how the TBCs might be acting to influence the tendencies.  This 

could be indirectly through the impacts on the physics and dynamics terms (solid arrows), or 

directly (dashed arrow).   
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Figure 11:  Impacts for JJA of global TBC on a) total cloudiness (fraction of area), b) latent 

heat flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the 

surface.  In each set of two panels the left panel is the negative of the bias (MERRA-2 minus 

CNTRL), and the right panel is TBC minus CNTRL. Values are averaged over the period 

1980-2017.  Units are: W/m2. 

 

Figure 11a shows the impacts on the total cloudiness in the Northern Hemisphere during JJA.  Here 

we see that the general spatial pattern of the corrections do indeed act to correct the cloudiness biases 

(cos𝜃  = 0.73), though the amplitude of the corrections are too small (amplitude ratio = 0.58) 

especially in those regions where the CNTRL model has too little cloudiness (the positive values in 
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the left panel of Fig. 11a).  Nevertheless, focusing on North America and the surrounding regions 

we see that the TBC does an overall good job of acting to correct the cloudiness biases.  The TBC 

is less effective in reducing the overall biases in the latent (Fig. 11b, cos𝜃 = 0.46) and sensible (Fig. 

11c, cos𝜃 = 0.56) heat fluxes, though it seems to do better if we just focus on North America.  It is 

especially effective in reducing the negative latent heat flux bias and positive sensible heat flux bias 

over the central U.S. and northern Mexico, presumably as a result of the reduction of the precipitation 

bias there.  The TBC is least effective in correcting the large latent and sensible heat flux biases that 

occur over much of China.  The TBC does an overall good job of reducing the biases in the longwave 

(Fig. 11d, cos𝜃 = 0.72) and shortwave (Fig. 11e, cos𝜃 = 0.76) radiation fluxes.  Again, the TBC 

performs especially well over North America.  It also does well over much of Asia south of about 

60°N, with the lack of improvement in the surface radiative fluxes over northern Eurasia presumably 

reflecting the small impact on the cloudiness biases there (Fig. 11a). 

 

The results for SON are shown in Figure 12.  Here we see that the CNTRL model produces 

insufficient cloudiness over much of the Northern Hemisphere (left panel of Fig. 12a; recall that the 

plot shows the negative of the bias), especially over the extratropical land areas.  The impact of TBC 

is overall weaker than for JJA. The impacts on cloudiness have roughly the right spatial distribution 

(cos𝜃= 0.60) but they are too small to substantially correct the cloudiness biases, especially those 

over northern Eurasia and North America.  The TBC does correct some of the latent (Fig. 12b, cos𝜃= 

0.45) and sensible (Fig. 12c, cos𝜃 = 0.48) heat flux biases, though again the overall corrections are 

weak (I = 0.27 for latent, and 0.32 for sensible).  Similar to JJA, the TBC is nevertheless effective 

in reducing the negative latent heat flux bias and positive sensible heat flux bias over the central 

U.S. and northern Mexico, though it is less effective in correcting the relatively large latent and 
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sensible heat flux biases that occur over much of China during SON.  Despite the overall weak 

impact of TBC on the cloudiness, the TBC does a reasonable job of correcting the longwave (Fig. 

12d, cos𝜃 = 0.67) and shortwave (Fig. 12e, cos𝜃 = 0.69) flux biases over southern Eurasia and parts 

of North America. 

 

TBC does little to correct the cloudiness biases for DJF, which are primarily characterized by 

insufficient cloudiness over northern Eurasia and Canada (Figure 13a, cos𝜃 = 0.09). In fact, the main  

impacts of TBC occur in the tropics and are, in some places, of the wrong sign.  Similarly, there is 

little impact of TBC on the latent heat (Fig. 13b, cos𝜃 = 0.11) and sensible heat (Fig. 13c, cos𝜃 = 

0.28) fluxes though, somewhat surprisingly, the TBC impacts on longwave (Fig. 13d, cos𝜃 = 0.34), 

and shortwave (Fig. 13e, cos𝜃 = 0.70) fluxes are in fact acting to reduce the biases (though it should 

be noted that, with the exception of the region encompassing southeast Asia, these biases tend to be 

relatively small).  These results are overall consistent with what we’ve already seen in Section 3.1:  

TBC seems to be less effective in correcting climate biases during DJF compared with the other 

seasons. 

 

Figure 14 shows the impact of TBC for MAM.  The cloudiness biases (Figure 14a) are similar to 

those for DJF (overall insufficient cloudiness over Eurasia and North America), and the impacts of 

TBC are again rather small.  Nevertheless, TBC acts to produce some improvement in the cloudiness 

(cos𝜃 = 0.51) especially over southern Eurasia, China, and western North America, and these are 

reflected in improvements in the longwave (Fig. 14d, cos𝜃 = 0.65) and shortwave flux biases (Fig. 

14e, cos𝜃 = 0.73).  We also see some improvements in the latent (Fig. 14b, cos𝜃 = 0.36) and sensible 

(Fig. 14c, cos𝜃 = 0.34) heat flux biases, especially over Eurasia. 
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Figure 12:  Impacts for SON of global TBC on a) total cloudiness (fraction of area), b) latent 

heat flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the 

surface.  In each set of two panels the left panel is the negative of the bias (MERRA-2 minus 

CNTRL), and the right panel is TBC minus CNTRL. Values are averaged over the period 

1980-2017.  Units are: W/m2. 

 

Overall, we find that the seasonality of the improvements in these diagnostic fields is consistent with 

that of the various prognostic (and precipitation) fields we already examined in Section 3.1.  In 
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particular, the improvements are greatest for JJA and poorest for DJF, with the transition seasons 

falling somewhere in between (though SON appears to behave somewhat more like JJA, and MAM 

 

Figure 13:  Impacts for DJF of global TBC on a) total cloudiness (fraction of area), b) latent 

heat flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the 

surface.  In each set of two panels the left panel is the negative of the bias (MERRA-2 minus 

CNTRL), and the right panel is TBC minus CNTRL. Values are averaged over the period 

1980-2017.  Units are: W/m2. 

 

more like DJF).  As such, we believe that the improvements we see in the climate biases, particularly 

for the warm season, do reflect (at least in part) the fact that the various physical parameterizations 
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are benefiting from improved input fields, and so the climate bias corrections we see are being made 

in a physically realistic manner (see discussion at the beginning of this section). 

 

 

Figure 14:  Impacts for MAM of global TBC on a) total cloudiness (fraction of area), b) latent 

heat flux, c) sensible heat flux, d) longwave flux at the surface and, e) shortwave flux at the 

surface.  In each set of two panels the left panel is the negative of the bias (MERRA-2 minus 

CNTRL), and the right panel is TBC minus CNTRL. Values are averaged over the period 

1980-2017.  Units are: W/m2. 
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3.3  A closer look at the boreal winter stationary waves 

 

While the previous results show that TBC is overall effective in correcting many of the long-term 

climate biases of the M2_AGCM, it is least effective for the boreal winter hemisphere (e.g., Fig. 3 

and Fig. 9).  The problem is especially evident for the stationary wave biases in the North 

Pacific/North American region (cf. the top panels of Fig. 15), which have a negative PNA-like 

(Wallace and Gutzler 1981) structure, a problem that has persisted in the GEOS AGCM over many 

generations of the model.   While TBC does not correct those NH biases, we see that it does a much 

better job of correcting the Southern Hemisphere (austral summer) biases, suggesting that we need 

to look further into the nature of (and potential biases in) the forcing and propagation of the boreal 

winter stationary waves. 

 

We begin by looking at a more recent version of the GEOS AGCM (the IC_AGCM; see section 2.2).  

As already mentioned, negative PNA-like stationary wave biases have persisted over recent 

generations of the GEOS AGCM, and we see here that they are also present in this more recent 

version of the AGCM (Fig. 15c).  Remarkably, in this case the TBC does a much better job of 

correcting the boreal winter stationary wave biases (cf. bottom panels of Fig. 15).  The reasons for 

this are unclear, but one difference is that here the TBC’s were computed through a process called 

replay rather than by simply utilizing the analysis increments from MERRA-2 directly, as was done 

for all the results presented so far for the M2_ AGCM.   

 

As described in Takacs et al. (2018) and Chang et al. (2019), replay takes advantage of the 

incremental analysis update (IAU) procedure employed in the GEOS data assimilation system to  
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Figure 15:  Impact of TBC on the 250mb eddy (deviations from the zonal mean) height field 

compared to the model bias.  The left panels are the negative of the bias with respect to 

MERRA-2.  The right panels show the impact of TBC.   The top panels are for the 

M2_AGCM (averaged for the period 1980-2017). The bottom panels are for the updated 

model (the IC_AGCM), averaged for the period 1981-2016.  Units are meters.  The box in 

each figure outlines our region of interest - the Pacific/North American region. 

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 △ 𝑥 is a pre-existing analysis which is simply read in during the course 

of the integration.  The implementation of replay at the GMAO is outlined in Figure 16. 
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As such, the increments (and the TBCs) 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, since the model was run at a lower resolution), 

the replay increments (△ 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. 

While it is difficult to pinpoint exactly how the replay-based TBCs lead to a better correction of the 

stationary waves, we suspect it has to do with the extent to which the TBC corrects the tropical 

precipitation/heating fields.  To examine that in more detail in the IC_ AGCM, we next look at the 

separate contributions to the stationary wave corrections coming from the tropics (TBC_TR) and 

Northern Hemisphere middle latitudes (TBC_NM).  Figure 17 shows the results for the 250mb DJF 

height anomalies.  Here we show the full height anomalies (rather than just the eddy component as 

we did earlier) to get a better sense of the full impact of TBC, including the zonal mean component. 

The results show that the TBC_GLOBAL not only does a credible job of correcting the stationary 

wave biases (as we’ve already seen in Fig. 15), but also corrects a substantial amount of the overall 

negative height bias that characterizes the tropics of the CNTRL AGCM (cf. Figs. 17a and b).  Figs. 

17d and e show the separate impacts of applying TBC in the tropical region (TBC_TR) and the 

Northern Hemisphere middle latitude region (TBC_NM), respectively.  The results suggest that TBC 

in both the tropics and extratropics appear to play a role in correcting the stationary wave bias, 

especially the corrections to the ridge over western North America.   
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Figure 16: A schematic of the replay approach used to compute the analysis increments (IAU, 

or ∆𝑥 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.  

A more detailed decomposition of the impact of the TBC_NM run shows that the corrections over 

North America are primarily from TBC in the TBC_NM3 and TBC_NM4 regions (see Fig. 2 for the 

locations of these regions), with the former located over the jet core, and the latter located just 

upstream of the North American ridge (results not shown). Given that there is some double counting 
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in the Pacific/North American region (cf. Fig 17b and 17c), we argue that the key underlying model 

errors producing the stationary wave biases are located in the tropics.  Here we are speculating that 

TBC in the NM3 and NM4 regions is likely correcting jet biases that are in actuality due to errors in  

 

Figure 17:  The impact of global and regional TBC on the 250mb height field for the 

IC_AGCM.  a) negative of the bias with respect to MERRA-2, b) the impact of global TBC, 

c) the sum of the impacts from the tropical (TR) and northern middle latitude (NM) TBC, d) 

impact of TR TBC, e) impact of NM TBC, f) impact of applying TBC in the region that 

combines TR2 and TR3 and TR4. Results are averages for the period 1981-2016. Units are 

meters. 

 

the tropics. Furthermore, Fig.17f shows that applying TBC in the extended tropical subregion 

(TR2+TR3+TR4) reproduces much of the correction obtained from TBC_TR (cf. 17d and 17f).   

(d) (e) (f) 

(a) (b) (c) 
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We next turn, in Fig. 18, to an examination of the impact on the precipitation in the IC_AGCM.  

Comparing Figs. 18a and Fig. 7a, we see that overall, the IC_AGCM precipitation biases are quite 

similar to those for the M2_AGCM.  Nevertheless, there are some differences in the details, 

including the negative biases just south of the equator that extend into the western Indian Ocean 

region, and the more extensive positive anomalies north of the equator centered over southeast Asia 

in the M2_AGCM.  The TBC_GLOBAL with the IC_AGCM (Fig. 18b) corrects much of the 

tropical bias, especially over the maritime continent.  The main difference with the results for the 

M2_AGCM (Fig. 7b), is that the TBC_GLOBAL for the M2_ AGCM fails to correct much of the 

positive precipitation bias north of the equator in the Indian Ocean extending eastward to southeast 

Asia and appears to overcorrect the negative precipitation biases over a region encompassing the 

maritime continent and extending southeastward into the SPCZ.  Plots of the separate impacts of 

TBC_TR (Fig. 18d) and TBC_NM (Fig. 18e) in the IC_AGCM show that the former accounts for 

basically all the precipitation bias corrections made with TBC_GLOBAL.  There is overall little 

impact from TBC_NM other than weak scattered negative corrections throughout the Northern 

Hemisphere oceans.  We already saw in Fig. 17f that the TBC in the TR2 + TR3 + TR4 region is key 

to correcting the stationary wave bias in the PNA region.  We now see from Fig. 18f that it is 

primarily the correction of the east/west dipole in the tropical precipitation bias (negative 

precipitation bias over the maritime continent and positive bias to the east) that appears to be critical 

to that improvement. 

The above results suggest that improvements to the boreal winter hemisphere stationary waves (in 

the PNA region) are to a large extent tied to improving the heating fields in the tropics in a region 
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extending eastward from the eastern Indian Ocean well into the Pacific warm pool region.  To the 

extent the Indian Ocean region plays a role, it is likely that AGCMs with specified SSTs are 

fundamentally incapable of fully reproducing the observed stationary waves, since in that region 

atmosphere/ocean coupling appears to be important for obtaining the correct surface fluxes (e.g., 

Wu and Kirtman, 2004), and so here TBC is likely giving the correct answer for the wrong reason. 

 

 

Figure 18:  Same as Fig. 17, except for the precipitation.  Units are mm/day. 
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4.  Discussion 

 

We next address the question of why TBC appears to be, for the most part, quite successful in 

correcting many of the GEOS AGCM’s long term climate biases.  We also examine the limitations 

of TBC for (when applied globally) bias correction and for (when applied regionally) isolating the 

regions responsible for the climate biases.   This is followed by some ideas and preliminary results 

on a possible extension to TBC. 

 

4.1 Why does TBC work and its limitations 

 

The underlying idea is that the TBCs (which are based on short-term forecast errors) reflect error 

growth that is linear and therefore should provide a reasonable estimate of the biases in the model 

tendencies, subject to any observational/analysis biases (e.g., Xue et al., 2013; Bhargava et al. 2018; 

Chang et al. 2019).  While early generations of the reanalyses suffered from model spin-up and 

spurious responses to the observations making estimates of the initial tendencies problematic, this 

has become much less of a problem in the more recent generations of reanalyses, in particular, in 

MERRA-2 which uses an incremental analysis update (IAU) procedure developed by Bloom et al. 

(1996). 

 

Given the availability of realistic estimates of the initial tendencies, the question remains as to 

whether correcting the model tendencies with the TBCs leads to realistic responses in the AGCM.  If, 

for example, the TBCs are very large, it is likely that the model would react to them in unexpected 

and unrealistic ways, similar to the data insertion problems faced by the early reanalyses (e.g., Bloom 

et al. 1996).  As such, we need to examine how large the TBCs are relative to the “physical” terms in 
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the model’s tendency equations.  To do that, we look here at the long-term mean of the various terms 

in the equations (the budget) governing the MERRA-2 assimilation (i.e., the long-term average of eq. 

1): 

 

 
𝜕�̅�

𝜕𝑡
= 𝑓(𝑥)̅̅ ̅̅ ̅̅ +△ 𝑥̅̅ ̅̅ ̅ ≈ 0.      (5) 

 

 

 

As an example, Figure 19 shows the budget terms (5) for the JJA temperature at 850mb (averaged 

over the years 1980-2016), with the various terms (radiation, moist physics, dynamics, etc.) governing 

the model’s temperature tendency shown in the top six panels.  The magnitudes of those terms in 

many places typically exceed 2°C/day with maximum values locally exceeding 5°C/day.  Of course, 

on an instantaneous basis, these terms are very likely to achieve magnitudes considerably larger than 

that.  We note that the friction term (with magnitudes less than the minimum contour interval shown 

here, top middle panel of Fig. 19) tends to play a significant role primarily near the surface.  The 

bottom left panel shows that the sum of those 6 terms tends to be substantially smaller (magnitudes 

less than 1°C/day), reflecting the cancelation between relatively large terms with opposite sign.  The 

bottom middle panel of Fig. 19 shows the average temperature increment (the TBC term) which is, 

by design, exactly equal and opposite to the sum of the physical terms (bottom right panel shows that 

the sum of the two terms is indeed zero). 

 

As another example, we show in Figure 20 the budget for the JJA 850mb specific humidity.  Here 

again we see that the physics and dynamics terms (top 3 panels) have substantially larger values than 

the sum (bottom left panel).  On the other hand, in this case the sum does have values locally in the 

tropics, especially over the eastern Indian Ocean and over the Pacific and Atlantic warm pools, that 
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rival the model’s tendency terms.  This indicates that the TBCs account for a significant fraction of 

the moisture changes in these regions, and we must regard our assumption of linearity (the TBCs as 

a relatively small correction) with some caution.   

 

Results similar to those shown in Figs. 19 and 20 are found for the other seasons (not shown).   

Overall, we find that the TBCs tend to provide relatively small corrections to the model equations.  

Although we need to exercise some caution when it comes to interpreting the responses to the tropical 

moisture TBCs, which appear to be large enough to potentially lead to spurious responses by the 

model’s convective scheme, our results seem to indicate this is not a significant problem, though this 

may be due to the fact that the AGCM that we are using here is essentially the same as (or similar to) 

the model used to produce MERRA-2.  Whether this is also true for non-native models (models not 

used in the production of the reanalysis) remains to be seen. 

 

Coming back to the issue of double counting (see eq. 4), we have obtained rather mixed results.  

Focusing on the Northern Hemisphere extra-tropics (the NM region, see Figure 2) we have found that 

there is little double counting during JJA.  This appears to reflect that fact that there is little impact 

from the tropics, and so all the TBC impacts have their sources within the NM region.  Furthermore, 

the separate impacts from the various NM subregions also show little evidence of double counting.  

This is especially true for the impacts on T2m, though somewhat less so for the impacts on 

precipitation, which appear to show some nonlinearity (e.g., Fig. 9).  That nonlinearity becomes much 

more acute for the precipitation during DJF (e.g., Fig.9), for which we have found considerable 

double counting (R1 + R2 + … RN >> R), making the interpretation of the results from the various 

subregions difficult.  While the exact cause of the double counting in the Northern Hemisphere extra-
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tropics and why it tends to be more severe for the cold season is not clear, we believe a key factor has 

to do with whether or not the errors in the tropics play a role.  As such, TBC applied in the extra- 

Figure 19: Long term averages (1980-2016, denoted by an overbar) of the various terms of the 

JJA mean temperature (T) tendency at 850mb computed from MERRA-2.  The top 6 panels 

show the contributions to the tendency from the various physical terms in the thermodynamic 

equation such that 
𝜕�̅�

𝜕𝑡
= 𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑚𝑜𝑖𝑠𝑡̅̅ ̅̅ ̅̅ ̅̅ + ⋯ +△ 𝑇̅̅ ̅̅ ̅  ≅  0, where △ 𝑇̅̅ ̅̅ ̅   (lower middle

panel) is the long-term average analysis increment of temperature.  The lower left panel is the 

sum (total) of all the physical terms.  The lower right panel shows that the long-term average 

of the sum of the physical terms and the analysis increment is indeed effectively zero.  Units: 

°C/day. 

(d) (e) (f) 

(g) (h) (i) 

(a) (b) (c)
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tropics likely applies corrections to tendency biases that in fact have their source in the tropics.  The 

result is an over-correction of the climate biases when the extratropical and tropical impacts are added 

together. 

Figure 20: Long term averages (1980-2016, denoted by an overbar) of the various terms of 

the JJA mean specific humidity (q) tendency at 850mb computed from MERRA-2.  The top 

panels show the contributions to the tendency from the various physical terms in the moisture 

equation.  Here, 
𝜕�̅�

𝜕𝑡
= 𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝑚𝑜𝑖𝑠𝑡̅̅ ̅̅ ̅̅ ̅̅ + ⋯ +  △ 𝑞̅̅ ̅̅ ̅  ≅  0, where △ 𝑞̅̅ ̅̅ ̅   (lower middle

panel) is the long-term average analysis increment of specific humidity. The lower left panel 

is the sum (total) of all the physical terms.  The lower right panel shows that the long-term 

average of the sum of the physical terms and the analysis increment is indeed effectively 

zero.  Units are g/day. 

(a) (b) (c) 

(d) (e) (f)
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4.2 A state-dependent extension of TBC 

One of the of the findings of Chang et al. (2019) was that despite the fact that TBC made rather 

remarkable improvements to the model’s climate bias, the impact on forecast skill (both sub-seasonal 

and seasonal) was modest at best.  Here we consider an extension of TBC to include a state-dependent 

correction term as first suggested by Leith (1978) and recently explored further by Danforth et al. 

(2007).    The basic idea is that such a term more directly corrects time lag covariances, so it could 

have a more direct impact on forecast skill.  In particular, we consider a correction of the form 

𝜕𝑥

𝜕𝑡
= 𝑓(𝑥) +  ∆𝑥,   𝑤ℎ𝑒𝑟𝑒 𝑤𝑒 𝑎𝑠𝑠𝑢𝑚𝑒 ∆𝑥 =  𝛼(𝑥 − �̅�) +  𝛽.  (6) 

We compute  and  to minimize the tendency error (
𝜕𝑥

𝜕𝑡
− 𝑓(𝑥))2.  We note that if  is set to zero

then (6) reduces to the TBC approach (𝛽 = ∆𝑥̅̅̅̅ ) described previously (eq. 2).

This work is in progress.  An example of  for the surface pressure is given in Figure 21, which shows 

values that are reasonably smooth in space.  Nevertheless, after some experimentation we found it 

necessary to put a cap on the magnitude of  and to linearly taper the values to zero above 500mb.  

Some early results of including the state-dependent term (SD-TBC) are presented in Figure 22 for the 

850mb u-wind and the 250mb v-wind variance.   The results show that there is very little difference 

in the biases in these fields with the inclusion of the state-dependent term – essentially showing that 

while these quantities are not improved, we have also done no harm.  Similar results are found for 

other fields including the precipitation (not shown).  While there is the possibility of (6) producing a 
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runaway (unstable) integration depending on the parameter (𝛼 ), we have so far not faced that 

situation. 

As already mentioned, this is work in progress.  Further work should address the issue of statistical 

significance of the state-dependent term (the s).  Danforth et al. (2007) found that state-dependent 

corrections resulted in worse prediction skill due to sampling errors in the estimation of the full 

covariance matrix, though they were able to obtain some improvements by localizing the covariance 

matrix, or alternatively by introducing an SVD-based formulation of the correction operator.   

Figure 21: An example of the s for surface pressure for January and July. Units:1/day 

(a) 

(b)
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Figure 22:  A comparison of the results for TBC and TBC together with a state-dependent 

term (SD_TBC) for JJA for the 850mb u-wind (m/s, left panels) and the 250mb v-wind 

variance ((m/s)2, right panels). 
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5. Summary and Conclusions  
 

This report extends the work of Chang et al. (2019) and Schubert et al. (2019) by examining in more 

detail, and more comprehensively, the efficacy of tendency bias correction (TBC) in correcting the 

GEOS AGCM’s long term climate biases.  In particular, we have examined the efficacy of TBC as a 

function of season and looked at the impacts of TBC on additional diagnostic fields. We have also 

addressed the questions of both why TBC works and what its limitations are, especially when 

interpreting the impacts of TBC applied regionally.  Finally, we have also presented some initial 

results of an extension to TBC that involves introducing an additional state-dependent term. 

TBC, in general terms, involves adding to a model’s prognostic equations forcing terms consisting of 

time averaged short term (typically 6 hour) forecast errors (with opposite sign).  For most of the 

results presented here we have taken advantage of the fact that the AGCM employed here is the same 

as that used to generate MERRA-2 (though run at a lower resolution) so we have simply taken the 

history of the analysis increments generated in producing MERRA-2 (coarsened to the model 

resolution) to calculate the TBCs.  The simulations are all forced with observed SST and span the 

period 1980-2017.  Comparisons are made throughout with MERRA-2 as well as with other 

observational datasets.    

Focusing on the Northern Hemisphere middle latitudes (the NM region, see Fig. 2), the results show 

a substantial seasonality in the efficacy of TBC in correcting many of the long-standing circulation 

biases (e.g., upper-level jets and stationary waves) of the GEOS AGCM, with the summer season 

showing the greatest improvements and the winter season showing the least.  A key difference 

between JJA and DJF is the fact that the contributions to the TBC impacts in the NM region in summer 

tend to be local.  That is, the sources of the TBC impacts in NM are largely confined to the middle 
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latitudes, while during the winter there are substantial contributions to the impacts in NM from other 

latitude bands, especially from the tropics.  The transition season impacts fall somewhere in between, 

with SON behaving more like JJA, and MAM behaving more like DJF.  During all seasons (though 

less so for DJF) we see an important impact on the climate bias in the NM region coming from the 

TBC in a region encompassing the Tibetan Plateau, highlighting the importance of correcting the 

model biases in that very mountainous region. 

 

The results also show a substantial seasonality in the ability of TBC to correct the climate biases in 

the surface meteorology over North America.  For example, during JJA, TBC applied to the Northern 

Hemisphere middle latitude (NM) region corrects about 60% of the bias in T2m and more than 50% 

of the bias in precipitation, with roughly 2/3 of that correction coming from TBC applied to remote 

regions (just upstream and over Tibet) and 1/3 of the correction coming from TBC applied locally 

(see also Schubert et al. 2019).  In contrast, during DJF, TBC applied to the NM region corrects only 

about 30% of the bias in T2m and less than 20% of the bias in precipitation, with all the correction 

coming from TBC applied locally. 

 

We have also examined the impact of TBC on other diagnostic fields including total cloudiness and 

various surface fluxes including the latent and sensible heat fluxes and the longwave and shortwave 

radiation fluxes.  These quantities also show substantial improvements, but again that improvement 

has a strong seasonality, with the largest improvements occurring for JJA and the smallest 

improvements occurring during DJF.  The improvements in the cloudiness and surface fluxes 

indicate that the improvements in the climate biases from TBC is, at least in part, the result of 

improved input (the prognostic quantities) to the various parameterizations, leading to physically 

realistic improvements to such fields as T2m and precipitation. 
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While we have found that the TBCs obtained directly from MERRA-2 seem to work quite well in 

reducing long term climate biases of the M2_ AGCM, they do appear to be suboptimal, especially 

for correcting the boreal winter stationary waves and related fields.  Using an updated GEOS model 

(IC_AGCM), which has essentially the same circulation biases as the older M2_AGCM, we found 

that employing a technique called “replay” (Takacs et al. 2018; Chang et al. 2019) to generate the 

TBCs seems to provide improved results, especially during DJF when tendency errors in the tropics 

play an important role. Furthermore, replay has the advantage of allowing any model to be used to 

track an existing reanalysis, therefore making TBC a viable approach for correcting models not 

employed in a reanalysis system. 

The results with the IC_AGCM show a much stronger impact of TBC during DJF (compared to that 

for the M2_AGCM) with much improved stationary waves – a result that appears to be due to a 

much larger impact on the NM region (particularly the Pacific/North American region) from the 

TBC in the tropics. While the reasons for this are still somewhat unclear, we believe it has to do with 

the ability of the TBC to correct precipitation errors over a large tropical region encompassing the 

Indian Ocean and Pacific warm pool – a region where heating anomalies are known to produce 

Rossby wave responses that have a substantial impact on the extratropics. 

 

We also look more generally at the reasons for why TBC seems to work, looking in particular at the 

size of the TBCs relative to the physical and dynamical forcing terms in the model.  The results show 

that the TBCs overall tend to be relatively small, suggesting that the model’s response to the TBCs 

is likely linear, though that is less true for the moisture in the tropics where the TBCs can have 

amplitudes locally that rival those of the physical terms.  We in fact do find considerable double 
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counting when examining the separate impacts of TBC from different regions, and this appears to 

be especially true for precipitation as well as for DJF, for which the impacts from the tropics are 

important. 

 

Finally, we present some initial results of an extension to TBC that includes a state-dependent term.  

The motivation for such an extension is that by minimizing the error in the time tendency, such a 

term could potentially produce a greater positive impact (compared with TBC) on forecast skill.  The 

results we have obtained so far highlight some of the challenges one faces in producing statistically 

robust estimates of state-dependent terms and in introducing them in a way that maintains model 

stability.  We are also considering other state-dependent extensions to TBC in which the corrections 

are conditioned on particular states of the atmospheric/ocean (e.g., the different phases of ENSO).  It 

remains to be seen if the data records (e.g., MERRA-2) are sufficiently long and of high enough 

quality (especially going back in time) to produce robust corrections for such approaches. 
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